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INTRODUCTION 
Stroke  
A stroke is the rapidly developing loss of brain functions due to a disturbance in the 
blood vessels supplying blood to the brain. This can be due to ischemia (lack of 
blood supply) caused by thrombosis or embolism or due to a hemorrhage. As a 
result, the affected area of the brain is unable to function, possibly resulting in 
movement impairments in one or more limbs on one side of the body (hemiplegia), 
inability to understand or formulate speech or inability to see one side of the visual 
field. In over 90% of individuals an initial flaccid paralysis occurs which is often 
replaced by a predictable pattern of spasticity in a timescale which may vary from 
24 hours to 12-18 months1.  
Stroke is the number two cause of death world-wide and may soon become 
the leading cause of death worldwide2, 3. Every year about 41,000 people in the 
Netherlands suffer from a stroke. The incidence rate for women is slightly higher 
than that for men and more than 80% of the stroke patients is older than 65 years 4.  
The survival rate of stroke patients has increased over the last years, probably due to 
improved health care in the acute phase after stroke and interventions aimed at 
prevention of re-occurrence 5. 
Risk factors for stroke include advanced age, hypertension (high blood 
pressure), previous stroke or transient ischemic attack (TIA), diabetes, high 
cholesterol, cigarette smoking and atrial fibrillation. High blood pressure is the most 
important modifiable risk factor of stroke6.  
A stroke is occasionally treated with thrombolysis, but usually with 
supportive care (physiotherapy and occupational therapy) in a "stroke unit" and 
secondary prevention with antiplatelet drugs (aspirin and often dipyridamole), blood 
pressure control, statins for lowering cholesterol levels, and in selected patients with 
carotid endarterectomy and anticoagulation6.  
 
Shoulder pain after stroke 
The occurrence of shoulder pain after stroke is quite common in hemiplegia with an 
estimated incidence between 16% and 84% 1, 7-12. This so-called Post Stroke 
Shoulder Pain, or PSSP can impede rehabilitation and interfere with both function 
and quality of life. It may not only interfere with shoulder function, but also with 
balance, walking, transfers and performance of self-care activities 1. In stroke, 
shoulder pain is related to a complex variety of physical changes which originate 
during either the flaccid or spastic stage. In the flaccid stage, the shoulder is prone 
to inferior subluxation and vulnerable to soft-tissue damage (i.e., labrum, muscles, 
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nerves, and tendons). The therapeutic intervention in this stage is to support the arm 
at all times. In the spastic stage, movement is often severely limited and coexisting 
disorders such as rotator cuff tears and adhesive capsulitis have been reported in 
patients with Post Stroke Shoulder Pain 13. 
 
Possible causes of PSSP 
PSSP probably is independent of age and gender, and many researches have found 
that the incidence of PSSP is related to the severity of the paresis, but, not all 
studies have shown this relationship. Within the group of patients with substantial 
upper-limb deficits, it is likely that other factors such as soft tissue damage or 
spasticity may have a greater effect on pain, than the severity of the stroke itself 1. 
Time after stroke is also a factor. The natural progression of hemiplegia over 
time is characterized by changes in muscle tone, weakness and loss of normal range 
of movement. All these factors affect shoulder position and vulnerability to soft 
tissue damage. A relationship between time since stroke, range of shoulder external 
rotation and severity of shoulder pain has been shown 14. 
PSSP is a general term that is used in relation to the occurrence of shoulder 
pain after stroke and it could be caused by known afflictions such as adhesive 
capsulitis, impingement due to rotator cuff tears and subluxation of the 
glenohumeral joint. What exactly causes PSSP is as yet unclear. Most likely, PSSP 
is caused by damage to the structures around the glenohumeral joint due to a 
muscular imbalance (rotator cuff tears, spasticity, and paralysis), a disturbance in 
positioning of the GH joint (impingement, or upward migration of the humeral 
head, or inferior subluxation) or damages due to a disturbed sensibility, possibly 
related to unilateral neglect. Damage to the upper trunk of the brachial plexus has 
also been cited as a possible cause of pain and subluxation in the hemiplegic 
shoulder 15. Downward subluxation may produce traction on the axillary nerve as it 
winds round the surgical neck of the humeral shaft. Also entrapment of the 
suprascapular nerve could cause shoulder pain, but some reports contradict this 
finding. Some authors have described shoulder pain after stroke as a special form of 
Reflex Sympathetic Dystrophy (RSD), possibly caused by subluxation of the 
glenohumeral joint but also other precipitating factors, including immobilization of 
the upper extremity, trauma to the joint structures, rotator cuff tears and spasticity of 
the shoulder musculature have been mentioned as a possible cause 1. 
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Interventions 
The current treatment interventions related to Post Stroke Shoulder Pain include the 
use of slings/supports for the arm and hand, training of passive ROM, treatment 
focusing on the reduction of spasticity, the prevention of subluxation, or pain 
reduction by use of analgesics. It is clear from this wide range of interventions that 
at this point there is not one single best treatment, which quite likely indicates that 
treatments are based on different assumptions related to the causes of pain such as 
subluxation or muscle imbalance. It is not likely that treatments will considerably 
improve as long as we do not know the underlying mechanisms that cause PSSP. 
This thesis focuses on a possible mechanism for the development of PSSP, which is 
the development of a muscular imbalance in the shoulder mechanism, i.e. including 
the scapula, leading to shoulder instability. This instability can be seen as the major 
catalyst in the development of pain, but along different routes, such as subluxation, 
impingement, rotator cuff damage, or local muscle overuse 16-18. In the development 
of a muscular imbalance both disturbed kinematics and disturbed proprioception 
could play a role as is schematically represented in figure 1.1 and this thesis focuses 
on both those aspects. 
 
 
Figure 1.1: Schematic representation of a possible mechanism which leads to 
the development of Post Stroke Shoulder Pain. 
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Kinematics of the shoulder mechanism 
The human upper extremity is highly mobile with a range of motion (ROM) that 
comprises approximately 65% of a sphere 19, 20. This is mainly achieved by the 
movements of the two main joints of the shoulder girdle: the glenohumeral (GH) 
joint and the scapulocostal joint (scapulothoracic gliding plane). The GH joint 
allows for most of the thoracohumeral movement (up to 120° of elevation 21), while 
the scapulocostal joint allows for the rest of the movement. Codman (1935) 22 first 
described the scapulohumeral rhythm, a movement pattern in which the ratio of 
scapulothoracic motion to GH motion is approximately 1:2. The sternoclavicular 
and acromioclavicular joint allow movement of the clavicle, mainly axial rotation 
(up to 40° 23). The downside of this mobility is that it comes at the expense of 
stability. To allow for the high mobility of the GH joint, one of the articular 
surfaces of the joint has to be considerably smaller than the other. In contrast to for 
example the much more stable hip joint, in which the head of the femur is enclosed 
by approximately two thirds of the acetabulum of the pelvis, the humeral head is 
only covered by approximately one third of the glenoid cavity. In order to stabilize 
the GH joint, constraints are necessary and these are provided by the muscles and 
ligamentous structures. The glenohumeral capsule (comprised by the coracohumeral 
ligament and the superior, middle and inferior glenohumeral ligaments 24) itself has 
a negligible contribution to mechanical stability in the midrange of motion 19, so 
active mechanisms like muscle (co-)contraction and/or reflexes are more likely to 
provide the necessary stability 25.  
Alterations in shoulder kinematics could lead to shoulder instabilities which 
in turn could lead to shoulder pain. It has been shown that during glenohumeral 
elevation in patients with subacromial impingement syndrome, scapular winging is 
increased (decreased posterior tilt) and lateral rotation (also referred to as upward 
rotation ie angulus inferior of the scapula moves outwards and upwards) is 
decreased 26-29. Also, weak, dysfunctional or fatigued scapular musculature could 
lead to alterations in shoulder kinematics 26, 30-33 as well as changes in thoracic and 
cervical spine posture 34. Stroke patients are susceptible to all the above mentioned 
disturbances and it seems likely that these disturbances could provide a basis for the 
development of Post Stroke Shoulder Pain 1 (figure 1).  
 
The role of Proprioception 
Proprioception can best be described as the afferent information arising from 
peripheral areas of the body (including the mechanical and dynamic restraints 
around the shoulder) that contributes to joint stability, postural control, and motor 
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control. Proprioception has three submodalities: joint position sense, kinesthesia 
and sensation of force 35-37. Motion and position information is mainly provided by 
muscle spindles 38, 39. Muscle spindles are responsible for sensory information 
related to muscle fibre length and lengthening velocity. The gain of the spindle 
system can be changed by changing the status of muscle fibres that form part of the 
muscle spindle, the so-called intrafusal muscle fibres by special motoric nerves: the 
γ-motor fibres. Force information is provided by the Golgi tendon organs which are 
located within musculotendinous tissue. A small bundle of muscle tendon fibers 
passes through each Golgi tendon organ, enabling the Golgi tendon organ to 
provide the central nervous system with information about muscle tension 40. 
Previous studies have shown that shoulder injuries and chronic shoulder 
instabilities can lead to proprioceptive deficits 16, 17, 41-43. These studies are 
predominantly based on athletes and patients with chronic shoulder instabilities 
without a central nervous system lesion. It is possible that the shoulder instability 
that arises from kinematic changes as a result of the stroke can have the same effect 
in stroke patients as is schematically depicted in figure 1.1. Subsequently, these 
proprioceptive deficits could affect the neuromuscular control of the shoulder which 
in turn could maintain or worsen the kinematic changes causing the instability. 
It has been shown that not only the contralateral side (with respect to the side 
of the lesion, i.e. “paretic”), but also the ipsilateral side (with respect to the side of 
the lesion, i.e. “non-paretic”) of stroke patients show altered movement patterns 
after a stroke 44, 45. This could have several possible causes such as spreading of 
cerebral edema throughout the brain, control of both sides of the body by 
corticospinal neural pathways that do not cross over at the level of the brainstem, 
taking over of brainfunctions by the contralateral side of the brain, changes in 
muscle tone at the ipsilateral side which could affect muscle tone on the 
contralateral side or other factors such as age, prolonged inactivity and impaired 
cerebral control 44. If this also holds true for the afferent signals provided by the 
muscle spindles, both the position sense and the kinesthesia on the ipsilateral 
shoulder of stroke patients may also be affected after stroke. Therefore, in the 
experiments conducted in this study, both shoulders were included.  
 
Aim of this thesis 
This thesis is an attempt to get a better grip on the causes of PSSP by focusing on 
the relationship between stroke and shoulder kinematics and shoulder 
musculoskeletal proprioception. Starting from the assumption that stroke will lead 
to a disturbed motion pattern in the upper extremity and more specifically, a 
disturbed scapular contribution to the total upper arm motion, the study tries to 
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quantify the magnitude of this disturbed scapular contribution and relate this to the 
existence (and on the longer term the development) of PSSP. Additionally, the 
disturbed motion pattern will probably lead to length changes of the shoulder 
muscles. Therefore muscles lengths during rest and shoulder movements are 
quantified and related to known muscle-related causes of shoulder pain.  
Disturbances in shoulder kinematics are only one (assumed) aspect, or better, 
effect, of stroke. Since the musculoskeletal balance in the shoulder is essentially 
maintained by fine-tuned muscle function, deviations in shoulder kinematics may 
be caused by the effects of stroke on the level of the motor function of muscles 
(paralysis, spasticity), but also by disturbances in the tuning of these muscles due to 
the de-organization of control. To quantify one aspect of the likely occurring de-
organization, this thesis also includes experimental studies related to the 
proprioceptive status of the arm after stroke. 
In a clinical setting, the ipsilateral or unaffected shoulder is often used as a 
comparison for the contralateral or affected shoulder. However, in literature, doubts 
have been raised whether the ‘unaffected’ shoulder really is unaffected 44, 45. If in 
the ipsilateral shoulder kinematic disorders and/or proprioceptive deficits are 
present after a stroke, using this side as a reference could lead to false conclusions. 
Therefore, this thesis not only focuses on the contralateral or affected side, but also 
on possible differences between the ipsilateral or unaffected side and the shoulder 
of healthy control subjects. 
 
Methods 
Shoulder kinematics of both shoulders are measured using an electromagnetic 
tracking device (MotionMonitor; Innovative Sports Training, Inc., Chicago, IL, 
USA) and methods similar to other studies 23, 44, 46-49 and according to the protocol 
for standardized measurement of shoulder motion formulated by the International 
Shoulder Group which will be described later on in this thesis 49. Receivers are 
placed on the thorax (sternum), upper arm and scapula (on flat surface of the 
acromion) which allows accurate measurements up to 120° of arm elevation 50, 51. 
The main focus is on the contribution of the scapula during active as well as passive 
arm abduction and anteflexion and the scapular pose during rest.  
Shoulder proprioception is measured using an isokinetic dynamometer 
(System 3; Biodex Medical Systems, Inc., NY, USA) with the subject sitting 
upright in a chair, similar to other studies 16, 41, 52, 53. In this pose, while blindfolded, 
the ability to detect passive motion and the ability to reproduce a previously felt 
joint position are determined as a measure of movement sense and position sense, 
two submodalities of proprioception. 
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To asses the effects of possible alterations in kinematics on shoulder muscles, the 
Delft Shoulder and Elbow Model (DSEM)54, 55 is used to calculate muscle lengths of 
the shoulder muscles. This inverse-dynamic model is based on the anatomical data 
of one cadaver (L10)56, 57. Inputs to the model are the position of the Incisura 
Jugularis (IJ) and the rotations of the thorax, clavicle, scapula, humerus and 
forearm. The reaction force in the GH joint is constrained to point from the rotation 
centre inside the glenoid cavity, otherwise dislocation of the joint would occur. The 
cost function used to solve the load-sharing problem is based on optimizing energy 
cost 58. Output variables were GH contact force and its location on the glenoid and 
muscle lengths (relative to their optimal length). 
 
Outline of this thesis 
Chapter 2 describes a study to validate the method used to measure proprioception 
in the experiments included in this thesis. To this end, a study was performed on the 
effects of body orientation (and thus gravitational effects) on upper limb 
proprioception in able bodied subjects, to find out whether the outcomes of studies 
using different methods of measuring proprioception can be generalized or if they 
are orientation-specific. This has to be taken into account when interpreting and 
using literature. 
A possible disturbance of shoulder proprioception after stroke could 
influence the stability of the shoulder and thus the rehabilitation process. In chapter 
3 shoulder proprioception of both shoulders of stroke patients is compared to that of 
healthy control subjects. The goal of this study was to investigate whether the 
proprioception, i.e. the position sense and kinesthesia, of both shoulders is affected 
after stroke. An affected shoulder proprioception could impede rehabilitation since 
it could lead to injury (and re-injury) due to a chronically unstable shoulder. 
Disturbed shoulder kinematics influence shoulder (in-)stability. Shoulder 
pain could be related to a disturbed scapular and humeral resting pose and/or a 
deviating contribution of the scapula or humerus to the movements of the shoulder. 
The goal of the study described in chapter 4, was to identify a possible relationship 
between PSSP, shoulder-resting pose (i.e. position and orientation) and shoulder 
motion.  
In chapter 5 a possible relation between disturbed proprioception, altered 
kinematics and shoulder pain after stroke is discussed. If both the shoulder 
kinematics and shoulder proprioception are affected after stroke, chronic shoulder 
pain, whatever the initiating factor, may eventually be the consequence of a vicious 
circle of repetitive soft tissue damage. The place of the chapters three to five in the 
earlier proposed model (figure 1.1) can be seen in figure 1.2. 
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Alterations in shoulder kinematics inevitably lead to length changes in the muscles 
surrounding the shoulder. Different shoulder muscles have been mentioned in 
literature in combination with shoulder pain 1, 59-65 and chapter 6 focuses on a 
possible relation between the length changes in shoulder muscles and the 
development of PSSP. Also the contact force (its amount and location) within the 
glenohumeral joint could alter as a result of alterations in shoulder kinematics and 
chapter 6 also focuses on this aspect. 
Finally, in chapter 7, the main results are summarized and implications for 
future research and practice are discussed.  
 
 
 
Figure 1.2: Placement of chapters three to five in the earlier proposed model 
for development of PSSP. 
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ABSTRACT 
Objective: To investigate whether passive and active reproduction of joint position, 
as well as detection of passive motion (as measures of a subjects proprioception) of 
the shoulder differ while sitting compared to lying supine. 
Design: Shoulder proprioception of twenty-eight healthy subjects (age: 22.2 ± 1.7 
years, 15 males) was tested. To test proprioception, angular motion (in degrees) for 
Threshold to Detection of Passive Motion (TDPM) and absolute matching error (in 
degrees) for Passive and Active Reproduction of Joint Position (PRJP and ARJP) 
were measured using an Isokinetic dynamometer. As a measure of consistency, the 
standard deviation per subject and test (TDPM, PRJP and ARJP) was measured 
over three trials. The test scores during sitting and lying supine were compared 
using a repeated measures ANOVA.  
Results: No effect of body orientation on TDPM, PRJP and ARJP scores was 
found. Significantly larger errors were found during ARJP compared to PRJP (F = 
58.5; p < 0.01) and subjects were also significantly less accurate during ARJP (F = 
30.1; p < 0.01). 
Conclusions: Body orientation does not significantly influence proprioceptive 
errors or consistency while movement mode (active or passive) does. The 
significance of these findings is that, depending on the situation or the patient’s 
ability, proprioception tests can be conducted while either lying or sitting, but 
movement modes can not interchangeably be used. 
 
Key Words: Proprioception, Shoulder, Body Orientation 
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INTRODUCTION 
In evidence-based practice, accurate measurement techniques are of the utmost 
importance. When measuring proprioception, body orientation could potentially 
influence the test outcomes. Proprioception can best be described as the afferent 
information arising from peripheral areas of the body (i.e joint capsules, ligaments 
and muscle spindles 1-3) that contributes to joint stability, postural control, and 
motor control. Proprioception has three submodalities: joint position sense, 
kinesthesia, and sensation of force1-3. Passive and active reproduction of joint 
position tests give a measure of a subject’s position sense and the threshold to 
detection of passive motion is a measure of a subject’s kinaesthesia4-6.  
Proprioception of the shoulder has been studied using different measurement 
protocols, some using commercially available equipment and some using custom 
made measurement devices 7-11. Additionally, the body orientation of the subjects 
vary: in some studies the subjects were in a supine position4, 5, 11-13, whereas in other 
studies the subjects were sitting or standing 11, 14-16. With the arm in 90° abduction, 
90° elbow flexion and 0° rotation (i.e. hand points forward while sitting and upward 
while lying supine), the relative orientation of the arm with respect to the body does 
not differ between sitting and lying supine, but its orientation with respect to gravity 
does. Gravity promotes an internal passive moment during sitting which will 
decrease when moving into internal or external rotation. When lying supine, 
moving into internal or external rotation will increase gravity induced passive 
moment in either direction. Also, gravity’s line of action on the articular elements 
could be different between the two body orientations. Additionally, the effect of 
movement mode (i.e. passive or active) could be different between the to body 
orientations as muscle activity could be influenced differently.  
Little research has been done on the effect of body orientation on shoulder 
proprioception. To our knowledge, only Janwantanakul et al (2003) examined the 
effect of body orientation on shoulder proprioception. For passive reproduction of 
joint position, they did not find a difference in matching error while subjects were 
either sitting or lying supine, but the consistency over three trials (standard 
deviation) was better when tested sitting. They also found that the ability to detect 
shoulder external rotation was increased with 18% when tested sitting compared to 
lying supine. The movement speeds at which their tests were conducted varied 
between three and five degrees per second and this is quite high compared to the 
speeds commonly used 4-7, 10, 17. They did not test active reproduction of joint 
position which is unfortunate, since in a clinical setting, this measure can give 
valuable insight in a patients condition because it also incorporates motor control of 
the muscles providing stability17. 
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The goal of this study, therefore, was to investigate whether in the supine position, 
passive as well as active reproduction of joint position and detection of passive 
motion of the shoulder would differ from values obtained while sitting, measured at 
commonly used speeds. 
 
METHODS 
Twenty-eight healthy subjects (age: 22.2 ± 1.7 years, 15 males) with no history of 
shoulder complaints were included. Only subjects with normal activity levels were 
included in the study and care was taken to not include subjects who regularly 
participate in upper extremity sports as it has been shown that this could influence 
proprioception 18. An a priori power analysis based on previous studies 4, 5, 11, 17 
showed that a sample size of 25 would result in a power of 0.8. In this study, 
approved by the local institutional review committee and in accordance with the 
Declaration of the World Medical Association, all subjects signed an informed 
consent statement before the start of the measurements. The subjects performed 
three randomly ordered proprioception tests (an active and passive repositioning test 
and a threshold test) in two different body orientations (sitting and lying supine), 
which were also randomized. With these three tests, (active and passive) position 
sense and movement sense were measured. 
An isokinetic dynamometer (System 3, Biodex Medical Systems Inc, Shirley, 
New York) was used to measure proprioception. A software package provided by 
the manufacturer (System 3 research toolkit) was used to operate the dynamometer 
at speeds of 0.5° per second. During the experiments, subjects were blindfolded and 
wore headphones to rule out visual and audible clues. It is known that arm 
dominance has no effect on shoulder proprioception, 19 and therefore only the 
dominant side was measured.  
 
Threshold to Detection of Passive Motion  
The threshold to detection of passive motion (TDPM), a measure of a subject’s 
kinaesthesia 4-6, was measured while sitting and lying supine. During the seated 
measurements, subjects were seated next to the dynamometer with their upper arm 
in 90° abduction, 90° elbow flexion, and 0° humeral axial rotation (i.e. hand points 
forward). During the lying supine measurements, subjects lay on a bench beside the 
dynamometer with their arm in the same relative position as during the seated 
measurements. 
The dynamometer was adjusted so that its axis of rotation was in line with 
the longitudinal axis of the subject’s upper arm. The dynamometer moved the 
Chapter 2 
25 
subject’s arm into internal or external rotation at a fixed rate of 0.5° per second. 
This speed was chosen because at low speeds the proprioceptive system is 
challenged more than at faster speeds and in a clinical setting, low speeds are used 
to distinguish pathological from healthy shoulders5. Subjects had to push a button 
when they detected the movement and angular displacement (in degrees) at that 
point was recorded by a computer. This was done three times per rotation direction. 
Rotation direction was randomized to prevent possible learning effects. 
To rule out the use of external clues other than vision and hearing, test trials 
were randomly alternated with dummy trials in which the subject’s arm did not 
move. Subjects were informed of the occurrence of these dummy trials before the 
start of the measurements so that they focused on arm movement and not on 
possibly present external clues. 
 
Passive and Active Reproduction of Joint Position  
Passive and Active Reproduction of Joint Position tests (PRJP and ARJP) give an 
indication of a subject’s position sense 4-6. During the seated as well as the lying 
supine measurements, two different start positions were used: (1) 90° abduction, 
90° elbow flexion, and 0° humeral axial rotation; and (2) 90° abduction, 90° elbow 
flexion, and 30° external humeral rotation. These were chosen to test the 
reproduction of joint position in the mid-range and upper-end range of motion.5 The 
tests started by moving the subject’s arm passively to a reference angle using the 
dynamometer: 10° internal or 10° external rotation, relative to the chosen start 
position. This resulted in four different absolute reference angles: 10° internal and 
10°, 20°, and 40° external rotation 4. When this reference angle was reached, a 
subject was allowed to sense this angle for 10 seconds before the arm was returned 
passively to the start position 4, 5, 13, 20-22. During PRJP tests, the subjects’ arm was 
moved passively toward the reference position while during the ARJP tests the 
subject had to move his/her arm with the dynamometer in isokinetic mode. When 
the subject felt that the reference position was reached, he/she had to press a button 
and a computer measured the absolute error in degrees between the indicated and 
reference position. This was done three times per reference angle. The movement 
speed of the dynamometer varied between trials (between 0.5 and 2.0 degrees per 
second) to prevent possible learning effects. 
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Table 2.1. F and P values of main effects and relevant interactions. Sample size is 28 for 
all tests. Error: mean value, Consistency: standard deviation over 3 trials. TDMP: 
threshold to detection of passive motion. Reproduction tests: active and passive 
reproduction of joint position. 
 Error Consistency 
 F P F P 
TDPM:     
Orientation (lying supine vs sitting) 0.56 0.46 0.61 0.44 
Direction (internal vs external rotation) 0.00 0.97 1.17 0.29 
Orientation x direction interaction 0.03 0.87 0.07 0.79 
     
Reproduction tests:     
Mode (active vs passive) 58.47 <0.01 30.10 <0.01 
Orientation (lying supine vs sitting) 0.47 0.50 0.61 0.44 
Start (start 1 vs start 2) 1.85 0.19 1.06 0.31 
Direction (internal vs external rotation) 2.02 0.17 2.04 0.16 
Orientation x Mode interaction 1.77 0.20 1.82 0.19 
Orientation x Start interaction 0.03 0.87 0.00 0.98 
Orientation x Mode x Start interaction 0.00 0.95 0.06 0.81 
Orientation x Mode x Start x Direction 
interaction 
0.05 0.83 0.21 0.65 
 
Data Analysis 
Trial data averages (absolute error) and standard deviations (measure of consistency 
11) were calculated over the three repetitions per condition and subject. The test 
scores during sitting and lying supine were compared using a repeated measures 
analysis of variance (ANOVA). For detection of motion tests, the within subject 
factors were body orientation and movement direction (internal and external 
rotation), and for the reproduction tests they were body orientation, mode (active 
and passive), start position (0° and 30° of humeral rotation) and movement 
direction. In total, 4 ANOVAs were computed: for both tests (detection of motion 
and reproduction test) the error and accuracy were tested. As all subjects were able 
to perform the requested tasks, there was no missing data. Effects were considered 
significant if the p-value was less than 0.05. All data analyses were performed with 
SPSS Professional Statistics (version 14.0) software for Windows (SPSS Inc, 
Chicago, IL).  
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RESULTS 
Threshold to detection of passive motion
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Figure 2.1: Threshold to detection of passive motion Error (mean values) and 
Consistency (standard deviation over 3 trials) while lying supine and sitting during 
internal and external . Error bars represent standard deviations. 
 
No effects of body orientation (lying supine vs. sitting) and movement direction 
(internal vs. external rotation) on mean TDPM scores and their consistency 
(standard deviation over 3 trials) were found (Table 2.1 and Figure 2.1). 
Additionally, no interaction effect between body orientation and movement 
direction was found (Table 2.1).  
For the mean reproduction test scores (ARJP and PRJP) and their 
consistency, no effects of body orientation, start position (0° vs 30° of humeral 
rotation) and movement direction were found (Table 2.1 and Figure 2.2). 
Significantly larger mean errors were found during ARJP compared to PRJP (p < 
0.01) and subjects were also significantly less accurate during ARJP (p < 0.01, 
Table 2.1 and Figure 2.2). No interaction effects were found between movement 
mode (active vs. passive), body orientation, start position and movement direction 
on mean reproduction test scores and their consistency (Table 1, only relevant 
interactions are shown). 
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Reproduction of joint position
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Figure 2.2. Active and passive reproduction scores. Error: mean values, Acc: accuracy 
(standard deviation over 3 trials), S1 and S2: start position 1 and 2. Data of internal and 
external rotations are combined. 
 
 
DISCUSSION 
The goal of this study was to asses whether body orientation (lying supine or 
sitting) influences proprioception test outcomes and whether this would apply for 
both active and passive arm motions. We did not find any effect of body orientation 
on detection of motion as well as reproduction of joint position, but we did find an 
effect of movement mode (active or passive) on reproduction of joint position. No 
significant interaction effects involving body position were found for all the tests 
conducted.  
The relative orientation of the arm with respect to the body does not differ 
between the two body orientations, but its orientation with respect to gravity does. 
With the arm in 90° abduction, 90° elbow flexion and 0° rotation (i.e. hand points 
forward while sitting and upward while lying supine), gravity promotes an internal 
passive moment during sitting which will decrease when moving into internal or 
external rotation. When lying supine, moving into internal or external rotation will 
increase gravity induced passive moment in either direction. Therefore the moment 
and its direction exerted on the glenohumeral (GH) joint by the weight of the 
forearm and hand is different between the two positions. The weight of the forearm 
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and hand combined is approximately 15.7 N and their combined segment mass 
position is located about 0.17 m from the elbow joint 23. In the situation where the 
arm is in 90° abduction, 90° elbow flexion and 0° rotation, gravity has a moment 
arm close to zero when lying supine, resulting in a moment of approximately zero 
Nm around the long axis of the arm exerted on the GH joint by the forearm and 
hand. When moving into internal rotation, the moment arm will increase, resulting 
in an internal directed passive moment. When moving into external rotation, this 
passive moment will be directed externally. When sitting, the moment arm is 0.17 
m, resulting in a moment of approximately 2.7 Nm, causing an internal rotation. 
This passive internal directed moment will decrease when the arm moves into 
internal or external rotation, but its direction will not change. However, this is only 
the case when the arm is unsupported and during passive motions (TDPM and 
PRJP) the weight of the arm is carried by the isokinetic dynamometer. This could 
explain our finding that during passive motions no differences were found between 
the test scores in the two body orientations. However, the effect of body orientation 
on the acticular elements will be different. When lying supine, gravity will cause a 
posterior glide at the shoulder girdle and during sitting an inferior glide. This will 
affect the joint capsule and ligaments which provide proprioceptive information 2, 3. 
The fact that these differences are not reflected in our test results could also be 
attributed to the stabilization of the arm with the Isokinetic dynamometer, which 
prevents posterior or inferior glide of the shoulder girdle. During active motions, the 
subject has to move his/her arm and the isokinetic dynamometer only guides the 
movement. Therefore, arm and shoulder muscles have to actively cope with the 
moments exerted by gravity on the GH joint when reproducing a joint position. So 
in measuring ARJP, one actually measures a passive component (sensation of 
position as measured during PRJP) and an active component (muscle activation and 
coordination and changes in exerted moment). Apparently, the effect of body 
orientation on this active component is not large enough to cause differences in 
ARJP test scores between the two body orientations. During ARJP one could expect 
an effect of body orientation. During sitting, a gravity induced passive moment 
causes internal rotation (as discussed before). When moving the arm into internal 
rotation, this ‘extra’ passive moment could cause an overestimation of the target 
position. When moving into external rotation, the passive moment is opposite to the 
movement direction, so an underestimation could be expected. When lying supine 
the ‘extra’ passive moment is always directed in the movement directions, so 
overestimation can be expected while moving into internal rotation (similar as while 
sitting), as well while moving into external rotation. As we reported absolute errors, 
we can not make statements about these possible differences in over- or 
underestimation. 
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An important difference between our study and the study of Janwantanakul et al 
(2003) is that we used different movement speeds and different start and target 
angles. Our dynamometer was able to move at speeds as low as 0.5° per second 
when using a software kit provided by the manufacturer, while theirs moved at 3° to 
5° per second. Kinesthetic and position information is mainly provided by muscle 
spindles24, 25, but at slow speeds (0.5 to 2° per second) slow-adapting 
mechanoreceptors, such as Ruffini endings or Golgi-type organs are also targeted 17 
and this could explain the differences in effect of body orientation on 
proprioception test scores between the two studies.  Additionally, the different start 
and target angles could contribute to these differences. We only measured in the 
mid range and upper end range of motion (ROM), but not the lower end ROM. 
Janwantanakul et al (2003) measured throughout the ROM and this difference 
(upper half ROM vs. total ROM) could contribute to the differences found. Table 
2.2 shows an overview of the data of previous studies 4, 11, 13 in comparison to the 
data of this study. Note that not all data of the current study is incorporated in table 
2.2, only the data which was reported in the previous studies (TDPM and PRJP 
scores). In general the test outcomes are comparable which indicates that under the 
conditions presented in this study, proprioception can be measured either sitting or 
lying supine. It must be noted however, that this is from a clinical point of view and 
has not been tested statistically. 
In conclusion, when measured at slow speeds, body orientation does not 
affect proprioceptive errors or consistency while movement mode (active or 
passive) does. The clinical and functional significance of these findings is that, 
depending on the situation or the patient’s ability, proprioception tests can be 
conducted in either lying or sitting body orientations.  
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Table 2.2. Comparison of the data from this paper to previous studies with similar methodology. TDMP: threshold to detection of passive 
motion. PRJP: passive reproduction of joint position. 
*Average constant error of three target positions: from 0° rotation to 10th, 60th and 90th percentile of range of motion (where – 
indicates an underestimation and + indicates a overestimation of the target position).  
 
Paper  
 
This paper This paper Janwantanakul 
et al 2003 
Janwantanakul 
et al 2003 
Lephart et al 
2002 
Safran et al 
2001 
Apparatus Biodex system 
III 
Biodex system 
III 
KinCom 125 
AP  
Kincom 125 
AP 
Custom device Custom device 
Movement speed TDPM 0.5 °/s 0.5 °/s 3 °/s 3 °/s 0.5 °/s 0.5 °/s 
Movement speed PRJP 
and ARJP 
Variable 
between 0.5 
and 2 °/s 
Variable 
between 0.5 
and 2 °/s 
5 °/s  5 °/s  variable variable 
Body orientation Lying supine Sitting Lying supine Sitting Lying supine Lying supine 
       
TDPM internal rotation 
(degrees) 
1.89 ± 1.11 2.05 ± 1.82 2.6 ± 1.2 2.7 ± 1.2 1.53 ± 0.97 2.35 ± 1.75 
TDPM external rotation 
(degrees) 
1.87 ± 1.80 2.09 ± 2.37 2.6 ± 1.3 
 
2.2 ± 0.9 1.33 ± 0.74 1.77 ± 0.98 
       
PRJP 0° → -10° rotation 
error (degrees) 
2.75 ± 1.96 2.76 ± 1.44 2.34 ± 1.2 2.3 ± 1.51 
PRJP 0° → 10° rotation 
error (degrees) 
3.11 ± 1.89 2.79 ± 1.67 1.92 ± 1.2 1.63 ± 1.49 
PRJP 30° → 20° rotation 
error (degrees) 
3.19 ± 1.99 2.49 ± 1.18 2.53 ± 2.5 Not measured 
PRJP 30° → 40° rotation 
error (degrees) 
3.01 ± 1.57 3.24 ± 1.67 
Average 
error*: 
-0.8 ± 4.8 
 
Average 
consistency: 
5.0 ± 2.8 
Average 
error*: 
-1.5 ± 4.8 
 
Average 
consistency: 
4.2 ± 2.2 2.50 ± 2.5 Not measured Chapter 2 
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Proprioception of the shoulder after stroke 
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ABSTRACT 
Objective: To investigate position sense and kinesthesia of the shoulders of stroke 
patients.  
Design: Case-control study. 
Setting: A rehabilitation center. 
Participants: A total of 22 inpatients with stroke and 10 healthy control subjects. 
Interventions: Not applicable. 
Main Outcome Measures: Angular displacement (in degrees) for threshold to 
detection of passive motion (TDPM) tests and absolute error (in degrees) for 
passive reproduction of joint position tests. 
Results: The TDPM for internal and external rotation was significantly higher for 
both the patient’s contralateral (paretic) side (internal, 7.92°±7.19°; external, 
8.46°±8.87°) and their ipsilateral (nonparetic) side (internal, 4.86°±5.03°; external, 
6.09°±9.15°) as compared with the control group (internal, 1.83°±1.09°; external, 
1.71°±.85°). Also, for internal rotation, TDPM was significantly higher on the 
patient’s contralateral side compared with the ipsilateral side. For passive 
reproduction of joint position tests, no differences were found. 
Conclusions: Both the contralateral and ipsilateral shoulder of stroke patients 
showed impaired threshold to detection of passive motion. Passive reproduction of 
joint position does not seem to be affected as a result of a stroke. The control of the 
muscle spindles as well as central integration or processing problems of the afferent 
signals provided by muscle spindles might cause these effects. 
 
Key Words: Proprioception; Rehabilitation; Shoulder pain; Stroke.  
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INTRODUCTION 
Stroke often has profound effects on the upper-limb movement capacity and 
stability. Common complications in the upper extremity after stroke are spasticity 
and paralysis which in turn can lead to shoulder subluxation, adhesive capsulitis, 
impingement syndrome, and rotator cuff injury 1-5. All these factors can affect 
positioning of the shoulder, shoulder stability, and vulnerability to soft tissue 
injury1, 6 and impede rehabilitation, as well as initiate a cycle in which the shoulder 
condition can deteriorate 7, 8. 
The sensorimotor system, defined as all of the sensory, motor, and central 
integration, and processing components involved in maintaining joint stability 9, 10, 
plays an important role in shoulder position and stability. An important component 
of this system is proprioception, which can best be described as the afferent 
information arising from peripheral areas of the body (including the mechanical and 
dynamic restraints around the shoulder) that contributes to joint stability, postural 
control, and motor control. Proprioception has 3 submodalities: joint position sense, 
kinesthesia, and sensation of force 9-11. Kinesthetic and position information is 
mainly provided by muscle spindles 12, 13. Previous studies have shown that 
shoulder injuries and chronic shoulder instabilities can lead to proprioceptive 
deficits 7, 8, 14-16. These studies are predominantly based on athletes and patients with 
chronic shoulder instabilities without a central nervous system lesion. It is possible 
that the shoulder instability as a result of the stroke can have the same effect in 
stroke patients. 
It has been shown that not only the contralateral side (with respect to the side 
of the lesion, ie, paretic), but also the ipsilateral side (with respect to the side of the 
lesion, ie, nonparetic) of stroke patients show altered movement patterns after a 
stroke17, 18 suggesting a problem in central integration or processing of afferent 
signals. If this also holds true for the afferent signals provided by the muscle 
spindles, both the position sense and the kinesthesia on the ipsilateral shoulder of 
stoke patients may be affected.  
The goal of this study was to investigate whether the proprioception, for 
example, the position sense and kinesthesia, of both shoulders is affected after 
stroke. An affected shoulder proprioception could impede rehabilitation because it 
could lead to injury (and reinjury) due to a chronically unstable shoulder.  
Considering the above, we hypothesized that the position sense and 
kinesthesia of both the contralateral and ipsilateral shoulder are impaired after the 
occurrence of a stroke.  
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METHODS 
Subjects 
Subacute hemiplegic stroke patients (N=22) were recruited from an inpatient 
rehabilitation center (Table 3.1). All patients had experienced their first stroke and 
had no history of shoulder complaints prior to the stroke. They were able to perform 
all the required physical, cognitive, and communicative tests for this study. Prior to 
the measurements, current shoulder pain, muscle tone, and degree of paralysis were 
scored, using a 0- to 100-mm visual analog scale (VAS)19, 20 (0, no pain; 100,  
unbearable pain), a 0 to 5 scale Modified Ashworth Scale (MAS)21, 22 (0, no 
increase in muscle tone; 5, limb rigid in flexion or extension), and a 0 to 6 scale 
Brunnstrom stage (0, complete hemiparalysis; 6, no hemiparalysis), respectively 
(see table 1). Measurements were done on the contralateral side (paretic) as well as 
the ipsilateral side (nonparetic). Sensory deficits were tested at the time of the 
experiments by clinicians: 11 patients showed no sensory deficits, 9 patients had 
moderate sensory deficits, while 2 patients had severe sensory deficits. 
 
Table 3.1: Subjects’ characteristics. 
 Patients Control subjects 
Number of subjects (Men/Women) 22 (10/12) 10 (4/6) 
Age (mean ± SD, years) 55.5 ± 12.4 49.3 ± 7.2 
Shoulder pain/No Shoulder pain 8/14 0/10 
VAS score of subjects with shoulder 
pain (mean ± SD , mm) 
47.3 ± 22.4 NA 
Brunnstrom stage (degree of paralysis) Range: 0-5  
Mean (± SD): 2.2 ± 1.8 
NA 
Modified Ashworth scale (muscle 
tone) 
Range: 0-3 
Mean (± SD): 0.7 ± 0.9 
NA 
Time since stroke (mean ± SD, weeks) 14.7 ± 8.3 NA 
Side of brain lesion: left/right 10/12 NA 
Number of subjects with aphasia 5 NA 
Number of subjects with neglect 5 NA 
Sensory deficits: no/moderate/severe 11 / 9 / 2 NA 
Lesion location: Cortical/Sub-cortical 11/11 NA 
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Ten healthy subjects of similar age as the patients (Table 3.1) with no history of 
shoulder complaints were used as a control group. These subjects were mainly 
employees of the rehabilitation center and were selected from different departments 
of the center (ie, kitchen and office personnel, therapists, and researchers) to attempt 
to limit a possible effect of occupation on the results. The study was approved by 
the local institutional review committee and all subjects signed an informed consent 
statement before the start of the measurements. 
 
Proprioception Measurement  
An isokinetic dynamometer was used (System 3; Biodex Medical Systems Inc.) to 
measure proprioception. During the experiments, subjects were blindfolded to rule 
out visual clues. In the patient group, 2 measurements were performed on both arms 
with 3 trials for each movement. It is known that arm dominance has no effect on 
shoulder proprioception 23. Therefore, only the dominant arm of the control subjects 
was measured.  
 
Threshold to Detection of Passive Motion  
The threshold to detection of passive motion (TDPM) is a measure of a subject’s 
kinaesthesia 7, 14, 16. Subjects were seated next to the dynamometer with their arm in 
60° of abduction, 90° of elbow flexion, and 0° of humeral rotation (ie, hand points 
forward). The dynamometer was adjusted so that its axis of rotation was in line with 
the longitudinal axis of the subject’s upper arm. The dynamometer moved the 
subject’s arm into internal or external rotation at a fixed rate of 0.5° per second. 
Subjects had to indicate verbally when they detected the movement and angular 
displacement, and the degrees at that point were recorded by the experimenter. This 
was done 3 times a rotation direction and the scores were averaged. Trials were 
randomized to prevent possible learning effects. 
Subjects did not wear earphones because communication with the 
experimenter was necessary. To rule out the use of noises as possible clues, test 
trials were randomly alternated with dummy trials in which the subject’s arm did 
not move and the dynamometer made the same noise as during the normal tests. 
Subjects were informed of the occurrence of these dummy trials before the start of 
the measurements so that they were aware that noises were not necessarily 
associated with arm movement. 
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Passive Reproduction of Joint Position  
Passive reproduction of joint position tests gives a measure of a subject’s position 
sense 7, 14, 16. Two different start positions were used during these measurements:  
(1) 60° of abduction, 90° of elbow flexion, and 0° of humeral rotation; and (2) 60° 
of abduction, 90° of elbow flexion, and 30° of external humeral rotation. These 
were chosen to test the passive reproduction of joint position tests in the mid-range 
and upper-end range of motion 16. The dynamometer moved the subject’s arm 
passively to a reference angle: 10° of internal or 10° of external rotation, relative to 
the chosen start position. This resulted in 4 different absolute reference angles: 10° 
of internal and 10°, 20°, and 40° of external rotation 14. Each subject was allowed to 
sense the reference angle for 10 seconds before the arm was returned passively to 
the start position 14, 16, 24-27. Subsequently, the arm was moved passively toward the 
reference position and the subject had to indicate verbally when he/she felt that it 
was reached. The absolute error in degrees between the indicated and reference 
position was measured. This was done 3 times a reference angle and the scores were 
averaged. The movement speed of the dynamometer varied for each trail to prevent 
possible learning effects. 
 
Data Analysis 
The TDPM and passive reproduction of joint position data of the patient’s 
(contralateral and ipsilateral side) were compared with the control subject’s 
dominant side using a nonparametric Kruskal-Wallis H 1-way analysis of variance. 
For post hoc tests, a nonparametric Wilcoxon signed-rank test was used to compare 
the patient’s contralateral and ipsilateral side mutually and a Mann-Whitney U test 
to compare the patient’s contralateral and ipsilateral side to the control subjects. To 
test for differences between internal and external rotation, a Wilcoxon signed-rank 
test was used. Correlations of the TDPM and passive reproduction of joint position 
scores with VAS scores, MAS, Brunnstrom stage, and lesion level were assessed 
using the Spearman ρ. An a priori power analysis based on previous studies14, 16, 28, 
29 revealed that a sample size of 10 per group would result in a power of 0.9.  
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RESULTS 
Kinesthesia  
For internal rotation, TDPM was larger for the contralateral side and the ipsilateral 
side compared to the control group. The same was true for external rotation. For 
internal rotation, TDPM on the contralateral side was larger than that on the 
ipsilateral side and tended to be larger for external rotation (P=.058) (Table 3.2). 
No differences between internal and external rotation were found on either the 
ipsilateral or contralateral side of the patients, or for the control subjects (correlation 
coefficient: .852; P<.001). Figure 3.1 shows the detection of internal rotation versus 
detection of external rotation in degrees a subject for the patient’s contralateral and 
ipsilateral side and for the control subjects. 
 
Table 3.2. Test scores for TDPM and PRJP in degrees  (mean ± SD) 
  Contralateral  Ipsilateral  Control P-value 
TDPM Int 7.92 ± 7.19 4.86 ± 5.03 1.83 ± 1.09 0.000 a,b,c 
 Ext 8.46 ± 8.87 6.09 ± 9.15 1.71 ± 0.85 0.000 b,c 
      
PJRP Start 1 Int 4.51 ± 5.31 4.85 ± 4.02 2.66 ± 1.36 0.299 
 Start 1 Ext 6.92 ± 10.55 6.26 ± 6.75 2.70 ± 1.66 0.063 
 Start 2 Int 7.80 ± 10.02 7.41 ± 9.30 2.63 ± 1.41 0.186 
 Start 2 Ex 4.81 ± 4.1 3.78 ± 4.95 2.92 ± 1.74 0.191 
TDPM: threshold to detection of passive motion; Int: internal rotation; Ext: external 
rotation; Contralateral: patients’ contralateral side wrt lesion side (‘pateric’); Ipsilateral: 
patients’ ipsilateral side wrt lesion side (‘non-paretic’); Control: Control subjects’ 
dominant side; PRJP: Passive reproduction of joint position; Start 1: 0° humeral rotation; 
Start 2: 30° external humeral rotation; a: Post Hoc difference between contralateral and 
ipsilateral; b: Post Hoc difference between contralateral and control; c: Post Hoc 
difference between ipsilateral and control. 
 
Joint Position Sense  
No differences for passive reproduction of joint position tests were found between 
the patient’s ipsilateral and contralateral side and the control subjects for both start 
positions (Table 3.2). This was the case for both internal and external rotation. No 
effect of start position was found. Figures 3.2 and 3.3 show the individual data for 
passive reproduction of joint position tests for start position 1 (0° of humeral 
rotation) and 2 (30° of external humeral rotation), respectively. 
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Fig 3.1. Displacement in degrees before motion was detected for internal and  
external rotation. 
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Fig 3.2. Absolute error in degrees in passive reproduction of position for internal  
versus. external rotation. Start 1 is 0° of humeral rotation. 
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Fig 3.3. Absolute error in degrees in passive reproduction of position for internal  
versus external rotation. Start 2 is 30° of external humeral rotation. 
Correlations 
TDPM and passive reproduction of joint position tests scores did not show a 
correlation with VAS scores, MAS, Brunnstrom stage, or lesion level. It must be 
noted, however, that the patients who had shoulder pain did show higher TDPM 
scores than patients without shoulder pain for both the contralateral and ipsilateral 
side during internal as well as external rotation, but these differences were not 
statistically significant (Table 3.3). No correlations were found between age, sex, 
time since stroke, side of the brain lesion, presence of sensory deficits, and lesion 
location (cortical, subcortical) with TDPM and passive reproduction of joint 
position tests scores.  
Table 3.3. TDPM scores in degrees of stroke patients with and without shoulder pain 
(mean ± SD (n)) 
  Pain No pain P-value 
Contralateral Internal 10.81 ± 9.48 (5) 6.47 ± 5.59 (13) 0.240 
 External  11.76 ± 12.59 (5) 6.80 ± 6.25 (13) 0.242 
     
Ipsilateral  Internal  7.54 ± 7.18 (8) 3.33 ± 2.48 (14) 0.574 
 External  10.60 ± 14.44 (8) 3.51 ± 1.84 (14) 0.353 
TDPM: threshold to detection of passive motion; Contralateral: patients’ contralateral 
side wrt lesion side (‘paretic’); Ipsilateral: patients’ ipsilateral side wrt lesion side (‘non-
paretic’); Internal: internal rotation; External: external rotation 
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DISCUSSION 
The goal of this study was to investigate whether the proprioception of both 
shoulders is affected after a stroke and, more specifically, whether this applied to 
position sense or kinesthesia. We hypothesized that that this was the case because 
shoulder instability, commonly seen in stroke patients 1-5, can cause proprioceptive 
deficits 7, 8, 14-16.  
We found a significant decrease in the kinesthesia of the patient’s 
contralateral and the ipsilateral shoulders compared to the healthy control shoulders. 
Kinesthetic and position information is mainly provided by muscle spindles 12, 13, 
but the mechanoreceptors in the ligaments, subacromial bursa and capsules have 
also been reported to play a role in kinesthesia 30-32. However, the latter are assumed 
to respond primarily to terminal flexion and extension rather than to movement 33. 
To test whether muscle spindles are sensitive enough to detect the movements 
imposed in this study, we used the Delft shoulder and elbow model, a finite element 
model that simulates the kinetics of human shoulder 34, to calculate muscle length 
changes of the rotator cuff muscles during the movements. These length changes 
varied from .13mm per degree of humeral rotation for the infraspinatus muscle to 
.32mm per degree of humeral rotation for the teres minor muscle. Muscle spindles 
are approximately 6 to10mm in length and are able to detect these length changes 35, 
36. Considering the fact that the kinesthesia of the contralateral and ipsilateral side 
are both affected, a problem in central integration and processing of muscle spindle 
feedback in stroke patients seems a likely and important factor. Proprioceptive 
feedback is used as an input for sensorimotor processing in the brain. The brain 
regions responsible for integrative sensorimotor processing are located in the 
contralateral primary motor and sensory cortices, in the premotor cortical regions 
(eg, the bilateral rolandic operculum and contralateral supplementary motor area), 
and in the subcortical regions (eg, the ipsilateral cerebellum and contralateral 
putamen) 37-42. Involvement of both hemispheres in the processing of the 
proprioceptive feedback could explain our observation that the ipsilateral side also 
shows affected kinesthesia.  
It has been shown that the human shoulder contains very few 
mechanoreceptors32 and that their number decreases with age 43. This scarcity of 
mechanoreceptors has been used to argue that they are of minor importance in 
sensing joint position and muscle spindles are held mainly responsible for detection 
of position 12, 13. Proprioceptive feedback (including kinesthesia and position sense) 
is integrated and processed in the central nervous system in the areas as discussed 
before 37-41, 44. If these areas are affected as a result of the stroke, effects on 
kinesthesia as well as position sense could be expected in the patient group. Our 
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data do not confirm this expectation. Although average values of passive 
reproduction of joint position tests tended to be somewhat higher in the contralateral 
as well as the ipsilateral shoulder of stroke patients when compared to healthy 
control subjects, these differences were not significant (Table 3.2). However, as 
discussed before, significant differences in TDPM between the stroke patients and 
control subjects were found (Table 3.2). When a muscle is stretched, type Ia sensory 
fibers of the muscle spindle respond to both the velocity and the degree of stretch, 
and send this information to the spinal cord. Likewise, type II sensory fibers detect 
and send information about the degree of stretch (but not the velocity thereof) to the 
central nervous system. Gamma motoneurons located in the spinal cord stimulate 
the contractile end portions of intrafusal fibers located in the muscle spindles. In 
this way, the spindle is tightened and this results in an increased sensitivity of the 
muscle spindle to movements. If, due to the hemiparesis as a result of a stroke, the 
gamma motoneuron control does not function properly, the sensitivity of the muscle 
spindles may be affected. If a stroke patient’s muscle is stretched passively, there 
may be a delay in movement detection and therefore larger TDPM scores can be 
expected. However, a difference in passive reproduction of joint position scores 
could also be expected for stroke patients. The fact that we did not find differences 
in passive reproduction of joint position tests could be explained by the relative 
large humeral rotation from start to reference position (10°). Before the reference 
position is reached, the muscle spindles are stretched passively and thus sensitized. 
In this way the reference position can be detected quite accurately.  
The kinematics of both shoulders are altered after a stroke17 and this might 
impair the stability of both shoulders. Because the contralateral side is affected 
most, this shoulder might be potentially more unstable. Next to a problem in central 
integration and processing of muscle spindle feedback this instability could also 
diminish proprioception 15, 16, 45. The difference in instability between the ipsilateral 
and contralateral side could cause the observed difference in kinesthesia. In the 
unstable, contralateral shoulder the capsular ligaments may be stretched or detached 
from their glenoid insertion and it has been shown that this has harmful effects on 
proprioception 16, 24, 25. 
Another factor that should be taken into account is the speed of information 
processing after a stroke. It is commonly known that reaction time decreases as a 
result of stoke. It has been shown that stroke causes a decrease in decision making 
speed and that this effect is most evident for patients with a right hemispheric 
stroke.46 However, the increase in reaction time found, up to 200ms depending on 
the difficulty of the task, cannot explain the differences found in this study. 
No correlations between VAS score (pain) and TDPM and passive 
reproduction of joint position scores were found. It must be noted, however, that the 
Shoulder Proprioception 
46 
patients who had shoulder pain showed higher TDPM scores than patients without 
shoulder pain (Table 3.3). Signals sent by pain receptors could override and 
decrease proprioception afferents resulting in poor test results 26, 45. Another 
explanation could be that due the proprioceptive deficits the shoulder becomes more 
unstable, resulting in a painful shoulder as has been shown before in overhead 
throwing athletes and patients with chronic shoulder instabilities 7, 8, 14-16. A larger 
longitudinal study should be conducted to draw better conclusions about a possible 
relation between shoulder pain and proprioceptive deficits. No correlations were 
found between Brunnstrom stage or MAS and test outcomes, suggesting no effect 
of the degree of paralysis and muscle tone on position sense and kinesthesia.  
If proprioception is impaired due to a stroke, this has consequences for 
shoulder movement and positioning which may impede rehabilitation. Next to 
training functional movements, proprioception could also be trained.27 A 
longitudinal intervention study is necessary to show whether training proprioception 
is beneficial for shoulder functioning and if it decreases the occurrence of shoulder 
pain.  
 
 
CONCLUSIONS 
Both the contralateral and ipsilateral shoulder of stroke patients show impaired 
threshold to detection of passive motion. Passive reproduction of joint position does 
not seem to be affected as a result of a stroke. The control of the muscle spindles as 
well as central integration or processing problems of the afferent signals provided 
by muscle spindles could explain these results. A local problem at the level of the 
contralateral shoulder due to instability could also contribute to the kinesthetic 
differences found. More research is needed on a possible relation between shoulder 
pain after a stroke and a proprioceptive deficit.  
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ABSTRACT 
Objective: Post stroke shoulder pain (PSSP) is a common phenomenon in 
hemiplegia and impedes rehabilitation. The objective of this study is to identify a 
possible relationship between PSSP, scapula resting position and shoulder motion.  
Methods: Shoulder kinematics of 27 stroke patients (17 male) were compared to 10 
healthy age matched control subjects. Using an electromagnetic tracking device, the 
kinematics of both the contralateral and ipsilateral (i.e. paretic and non- paretic) arm 
during active and passive abduction and forward flexion were measured and 
expressed in Euler angles.  
Results: Scapular lateral rotation relative to the thorax was increased in patients 
with PSSP compared to both patients without PSSP and control subjects in rest as 
well as during arm abduction and forward flexion. Additionally, glenohumeral 
elevation was decreased in patients with PSSP during passive abduction. No 
differences were found regarding scapula position (displacement relative to the 
thorax). 
Conclusion: In patients with PSSP a particular kinematical shoulder pattern was 
established, characterized by enhanced scapular lateral rotation and diminished 
glenohumeral mobility.  
 
Keywords: Stroke, hemiplegia, shoulder pain, kinematics. 
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INTRODUCTION 
Post stroke shoulder pain (PSSP) is a common phenomenon in hemiplegia with an 
estimated incidence between 16% and 84% 1-5. PSSP impedes rehabilitation and 
may also interfere with balance, walking, transfers, performance of self-care 
activities, and quality of life 3. PSSP occurrence is likely not related to age and 
gender and may be related to the severity of the paresis. However, within the group 
of patients with substantial upper limb deficits it is stated that factors as soft tissue 
damage or spasticity have a greater effect on pain than the severity of the stroke 
deficit per se 4. Among the various factors thought to be contributing to the 
occurrence of shoulder pain, some are related to the shoulder joint, such as rotator 
cuff injuries 6 or subluxation of the humeral head 7, whereas other factors are related 
to the neurological lesion such as central post-stroke pain, lack of sensibility, 
unilateral neglect and spasticity 7, 8.  
It has been shown that the kinematics of both shoulders are affected as result 
of a stroke 9, 10. To our knowledge, no study has evaluated a possible relation 
between the alterations in shoulder kinematics and the occurrence of PSSP. The 
goal of this study, therefore, was to identify a possible relationship between PSSP, 
shoulder-resting pose (i.e. position and orientation) and shoulder motion. We 
hypothesize that shoulder pain is related to a disturbed scapular and humeral resting 
pose and/or a deviating contribution of the scapula or humerus to the abduction and 
forward flexion of the arm. Then, chronic shoulder pain, whatever the initiating 
factor, may eventually be the consequence of a vicious circle of repetitive soft tissue 
damage caused by improper kinematics 11-13. 
 
 
METHODS 
Subjects 
Twenty-eight patients in the subacute phase after stroke were recruited from the 
inpatient ward of a rehabilitation centre (Table 4.1). All patients had experienced 
their first stroke and had no history of shoulder complaints prior to the stroke. They 
were able to perform all the required physical, cognitive and communicative tests 
for this study. Prior to the measurements, current shoulder pain, muscle tone and 
degree of paralysis were scored, using a 0-100 mm Visual Analog Scale (VAS) 14, 15 
(score of 0: ‘no pain’; score of 100: ‘unbearable pain’), a 0-5 scale modified 
Ashworth Scale 16, 17  (score of 0: ‘no increase in muscle tone’; score of 5: ‘limb 
rigid in flexion or extension’) and 0-6 scale Brunnstrom stage 18 (score of 0: 
complete hemiparalysis; score of 6: no hemiparalysis) , respectively (Table I). 
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Measurements were performed on the contralateral side (relative to the side of the 
lesion, i.e. ‘paretic’) as well as the ipsilateral side (relative to the side of the lesion, 
i.e. ‘non-paretic’). 
Ten healthy subjects of comparable age (Table 4.1) with no history of 
shoulder complaints were used as a control group. The study was approved by the 
local Institutional Review Board and all subjects signed an informed consent 
statement before the start of the measurements. 
 
Table 4.1. Subjects’ characteristics. 
 Patients with 
PSSP  
Patients without 
PSSP  
Control 
subjects 
Number of subjects (Male/Female) 13 (10/3) 14 (7/7) 10 (4/6) 
Age (mean (SD), years) 59.3 (11.1) 57.0 (9.5) 49.3 (7.2) 
VAS score (mean (SD) , mm) 49.7  (24.7) NA NA 
Range Brunnstrom stage (degree of 
paralysis) 
1-5 2-5 NA 
Range Modified Ashworth scale 
(muscle tone) 
0-2 0-3 NA 
Time since stroke (mean ± SD, weeks) 14.4 (9.3) 13.0 (7.6) NA 
Side of brain lesion: left/right 10/3 5/9 NA 
Lesion location: Cortical/Sub-cortical 8/5 9/5 NA 
NA: not applicable 
 
Kinematics 
An electromagnetic tracking device (MotionMonitor™; Innovative Sports Training, 
Inc., Chicago, IL. USA) was used to quantify shoulder kinematics. This setup 
consists of a transmitter creating a weak magnetic field in which the position and 
orientation of several receivers can be followed. The manufacturer has reported an 
accuracy of 0.5° (RMS) for orientation and 1.8 mm (RMS) for position (system 
documentation). Measurements were performed on both arms according to the 
standardized protocol for motion recordings of the shoulder of the International 
Shoulder Group (ISG) 19. Three receivers were placed on respectively thorax, upper 
and lower arm using Velcro straps or tape. A fourth receiver was mounted on the 
Chapter 4 
55 
flat surface of the acromion using Fixomull® stretch. This method has proven to be 
accurate 20, 21. A fifth receiver was placed on a pointer, to be used as a spatial 
digitizer.  
With the subject sitting in a wooden chair in front of the transmitter, local 
coordinate systems (LCS’s) of the thorax, scapula and upper arm were determined 
using the standardized protocol of the ISG. These LCS’s were calculated by the 
MotionMonitortm software using 15 bony landmarks, with a similar layout for all 
segments (X-axis pointing forward, the Y-axis pointing upward and the Z-axis 
pointing to the right) 19. The orientations of these LCS’s were decomposed and 
expressed in Euler angles using the decomposition order as proposed by the ISG 19, 
i.e. Y, X’, Z’’ (pro/retraction, medial/lateral rotation, anterior/posterior tilt) and Y, 
X’, Y’’ (plane of elevation, internal/external rotation, elevation) for scapula and 
humerus respectively. 
 
 
Figure 4.1: Arm elevations in the sagittal (A) and frontal (B) plane. The semi-circular 
wooden arch is used as a guide. Sensors are placed on the thorax, scapula (not visible), upper 
and lower arm. The transmitter can be seen in the background (black cube). 
 
Passive and active (if possible) arm elevations (to 120° maximally or until the pain 
threshold) were performed in the sagittal (forward flexion) and frontal plane 
(abduction) with both the contralateral as well as the ipsilateral arm (Figure 4.1). A 
target angle of 120º was chosen since this was expected to be feasible for most 
A B 
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patients 9, and readings of the sensor on the acromion are questionable above this 
angle 20.  The movements were standardised by aligning the elevation plane to an 
adjustable semi-circular wooden arch mounted along side the subject. Poses 
(position and orientation) of the scapula relative to the thorax and the humerus 
relative to the scapula at 30, 60, 90 and 120 degrees of arm elevation were used for 
analysis. Each elevation was performed three times and outcomes were averaged. 
Additionally, maximal passive internal and external rotations of the humerus were 
determined in the frontal and sagittal plane for both shoulders. During these 
measurements, the subjects’ arm was elevated approximately 60 degrees and the 
elbow was in 90 degrees of flexion. Movements of the scapula and humerus were 
expressed relative to the thorax. Glenohumeral poses were obtained by expressing 
the movements of the humerus relative to the scapula.  
 
Statistics 
Scapular and humeral poses of the shoulders of stroke patients with and without 
PSSP and control subjects were compared using a General Linear Model  ANOVA 
with repeated measures, with arm elevation as a within factor and group (control, 
patients with and without PSSP) as a between factor. One-way analysis of variance 
was used to compare the poses of the scapula and humerus at rest and to evaluate 
maximal internal and external humeral rotations. Results were considered 
significant at p < 0.05. When a significant difference was found, a Tukey HSD post 
hoc test was used to determine which groups were different. An a priori power 
analysis was conducted based on previous studies 9, 13, 22-24. The effect size was 0.7 
based on an interindividual variability of scapular rotations of 7 degrees. With an 
alpha of 0.05 and a desired smallest detectable difference between the groups of 3.5 
degrees, a sample size of n = 8 per group results in a power of 0.8 
 
 
RESULTS 
As only 2 patients were able to reach the target elevation angle of 120 with their 
contralateral (‘paretic’) arm, only the scapular and humeral poses in rest and at 30, 
60 and 90 degrees of arm elevation were used for analysis. For patients with PSSP it 
appeared to be very difficult to perform any active arm elevation with their 
contralateral arm. With their ipsilateral (‘non-paretic’) arm, all patients reached 90 
degrees during active and passive abduction and forward flexion.   
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Resting pose. 
Figure 4.2 shows a schematic representation of scapular medial/lateral rotation at 
rest of all subjects. At rest, the contralateral shoulder of patients with PSSP showed 
more scapular lateral rotation than both patients without PSSP and control subjects 
(p = 0.03 and p < 0.01; Figures 4.2 and 4.3). Scapula laterorotation of PSSP patients 
at the ipsilateral side was enhanced compared to control subjects but not to patients 
without PSSP (p = 0.01 and p = 0.25 respectively, Figures 4.2 and 4.3). No 
differences in scapular anterior/posterior tilt or pro/retraction were found. All 
differences in poses between the groups were found to be regarding scapular 
orientation, not position (displacement relative to the thorax). 
 
 
Figure 4.2: Schematic representation of scapular medial/lateral rotation in degrees 
(dorsal view) during rest of patients with and without PSSP, and of control subjects. 
Significant differences are denoted with *. Positve values: medial rotation; negative 
values: lateral rotation 
 
Contralateral shoulder movements 
During passive abduction a significant group-angle interaction effect for 
glenohumeral elevation was found (p = 0.04), indicating a larger increase in 
glenohumeral elevation from rest to 30 degrees arm elevation for control subjects 
than the paretic shoulder of all patients.   
Contralateral PSSP 
-9.62 ± 4.72 
Contralateral No PSSP 
-2.88 ± 7.00 
Ipsilateral PSSP 
-10.54 ± 10.86 
Ipsilateral No PSSP 
-5.00 ± 6.92 
* * 
Control 
0.35 ± 5.48 
* 
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Figure 4.3: Scapular lateral rotation during rest and 30, 60 and 90 degrees of arm 
abduction and forward flexion. Negative values on the Y-axis denote lateral rotation. 
Control: control subjects; Contra: patients’ contralateral side; Ipsi: patients’ ipsilateral 
side 
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Patients with PSSP showed enhanced scapular lateral rotation during active and 
passive abduction and forward flexion when compared to control subjects. When 
compared to patients without PSSP, scapular lateral rotation was only found to be 
enhanced during passive abduction, while no significant differences were found 
during active and passive forward flexion and active abduction (Table 4.2). No 
differences were found between patients without PSSP and controls in shoulder 
kinematics during all performed movements. 
 
Table 4.2. P-values scapular lateral rotation. 
Side Mode Movement PSSP + 
vs PSSP - 
PSSP + 
vs Control 
PSSP - 
vs Control
Contralateral Active Abduction 0.10 0.01 0.34 
  Forward 
flexion 
0.30 0.04 0.37 
 Passive Abduction 0.03 < 0.01 0.33 
  Forward 
flexion 
0.25 0.05 0.55 
      
Ipsilateral Active Abduction 0.03 0.03 0.96 
  Forward 
flexion 
0.03 0.02 0.95 
 Passive Abduction 0.04 0.03 0.90 
  Forward 
flexion 
0.02 0.01 0.92 
PSSP +: Patients with PSSP; PSSP -: Patients without PSSP 
 
A decreased glenohumeral elevation during passive abduction was found in patients 
with PSSP when compared to both control subjects and patients without PSSP (p = 
0.03 for both).  
For patients with PSSP, less maximal internal and external glenohumeral 
(GH) rotation was found, compared to control subjects but not to patients without 
PSSP, during passive external arm rotation in both frontal and sagittal plane (Figure 
4.4, Table 4.3). It must be noted that for internal rotation in the frontal plane, this 
difference was not significant (p = 0.06). 
No differences in scapular position (displacement relative to the thorax) were 
found between the groups during active and passive abduction and forward flexion. 
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Table 4.3. P-values maximal internal and external glenohumeral rotations 
PSSP +: Patients with PSSP; PSSP -: Patients without PSSP 
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Figure 4.4: Maximal internal (int) and external (ext) rotation in degrees in the frontal 
and sagittal plane. Control: control subjects; Contra: patients’ contralateral side; Ipsi: 
patients’ ipsilateral side. 
 
Ipsilateral shoulder movements 
Patients with PSSP showed more scapular lateral rotation during active as well as 
passive abduction and forward flexion than control subjects and patients without 
PSSP (Table 4.2). 
No differences were found in maximal internal or external GH rotation or in 
scapular position during active and passive abduction and forward flexion between 
the groups (Table 4.3). 
 
 Plane of Movement PSSP + PSSP + PSSP - 
 rotation direction  vs PSSP - vs Controls vs Controls 
Contralateral Frontal Internal 0.82 0.06 0.16 
   External 0.02 < 0.01 0.12 
 Sagittal Internal 0.36 0.02 0.28 
   External 0.08 < 0.01 0.22 
      
Ispilateral Frontal Internal 0.08 0.46 0.66 
   External 0.68 0.12 0.42 
 Sagittal Internal 0.50 .097 0.42 
   External 0.97 .087 0.75 
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DISCUSSION 
The goal of this study was to identify a possible relationship between PSSP and 
deviations in shoulder kinematical patterns. This relation could indeed be 
established. We therefore state that shoulder pain is related to a disturbed scapular 
and humeral resting position and/or a deviating contribution of the scapula or 
humerus to the abduction and forward flexion of the arm. 
The most remarkable findings in this study are the clear differences in 
scapular lateral rotation in patients with PSSP in both the contralateral (‘paretic’) 
and the ipsilateral (‘non-paretic’) shoulder when compared to patients without PSSP 
and control subjects. Price et al (1999)25 also found a relation between a more 
laterally rotated scapula (scapular lead) on the contralateral side and shoulder pain. 
However, they only compared the contralateral to the ipsilateral side and not to a 
control group. Therefore, changes in kinematics of the contralateral shoulder could 
have been underestimated and possible changes on the ipsilateral side were not 
noticed. 
From table 4.2 it seems that patients with PSSP predominantly have a left 
hemispheric lesion, while this seems to be inversed in patients without PSSP. 
Howerver, this effect is not significant and is probably due to the small group sizes.  
Based on the data from the present study, it is not possible to make 
comments about the origin of shoulder pain. There are several possible relations 
between PSSP and changes in shoulder kinematics. 
First, changes in shoulder kinematics could lead to shoulder pain. Stroke 
patients might not be able to compensate for the gravitational pull on the scapula 
due to the hemiparesis. Muscles such as the m. trapezius, m. levator scapulae, m. 
rhomboid minor and major and serratus anterior are responsible for maintaining 
scapula position 26, and if the strength of these muscles is diminished, the 
positioning of the scapula can be affected. Since the scapula only articulates with 
the clavicle (at the acromioclavicular joint), the inability to compensate for the 
gravitational pull could cause a lateral rotation of the scapula with the 
acromioclavicular joint acting as a pivot, as found in this study. This, in turn, could 
initiate or worsen pathologies such as subluxation, impingement and capsulitis, 
resulting in PSSP but no data was found to support this mechanism.  However, not 
all stroke patients have PSSP. It might be that patients who do not suffer from PSSP 
have more control over their shoulder muscles and are thus better able to 
compensate for the mechanisms that cause PSSP. It must be noted that the 
alterations found in shoulder kinematics of the ipsilateral shoulder did not cause 
PSSP in that shoulder, which indicates that the movement alteration itself does not 
cause pain. However, the ipsilateral shoulder is much less affected by the stroke and 
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therefore this shoulder is probably better able to cope with, and compensate for 
mechanisms leading to PSSP. 
Second, PSSP could cause the changes in shoulder kinematics found. If 
PSSP starts to develop, shoulder kinematics could be altered as pain relief. In a 
normal, healthy shoulder, next to stabilization of the shoulder by the rotator cuff, 
lateral (upward) rotation of the scapula prevents impingement by rotating the major 
tubercle of the humerus away from the coraco-acromial arch, thus preventing the 
supraspinatus outlet from being narrowed 4, 13. This mechanism can be used by 
patients suffering from PSSP. The fact that both shoulders of patients with PSSP 
show altered kinematics, with only the contralateral shoulder being painful, 
indicates that a central compensating mechanism for pain relief affecting both 
shoulders could be involved. However, this bilateral effect can also be explained by 
the fact that both hemispheres control both sides of the body 27-29 , so a lesion in one 
half of the brain also affects the other half. It has been shown before that the 
ipsilateral side of stroke patients is also affected after stroke 9, 30.  
Third, an additional factor causes both PSSP and changes in kinematics.  
Impingement syndrome is often considered as a cause of shoulder pain in 
hemiplegic stroke patients and could also result in changes in kinematics 4, 31. 
Adhesive capsulitis (frozen shoulder), is characterized by diminished range of 
shoulder motion (especially exorotation) and shoulder pain 32 and the term is used 
quite generally in relation to PSSP 4. The shoulders of our patients with PSSP show 
these characteristics but this does not mean that these patients suffer from capsulitis. 
It has been shown that the scapula of patients with capsulitis is oriented normally 
during rest, but during arm elevation, the scapula shows larger lateral rotation 33. It 
must be noted, however, that the patients used in that study were not stroke patients. 
A common complication in stroke patients is build up of bilateral muscle tension 
around the head and neck and the restriction of blood flow to those areas as a result. 
This could eventually lead to tension-type headaches and could also explain 
differences in scapular kinematics of the ipsilateral shoulder found in the present 
study 34-36. 
Based on the data from the present study, it is difficult to make comments 
about the origin of shoulder pain. A longitudinal study, in which patients are 
measured multiple times during the course of rehabilitation, starting as soon as 
possible after the stroke, could give more insight in the process. If pain occurs 
before alterations in scapular kinematics are observed, then the alterations of in the 
lateral rotation of the scapula could act as a compensatory mechanism. If the 
scapular lateral rotations are already altered before the pain occurs, then the effect 
of the alteration itself could cause PSSP. Also the effects of pain relief by means of 
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injections (marcaine, lidocaine) on the scapular kinematics of patients with PSSP 
could be of great value. 
The clinical implications of the observed kinematic differences in the 
shoulders of stroke patients with and without PSSP remain speculative. PSSP has 
been contributed to many pathologies, some related to the shoulder joint and some 
related to the neurological lesion 4, 6-8 . The present study shows a clear relation 
between PSSP and altered shoulder kinematics, but a causal relation between the 
two could not be established. However, the fact remains that patients with PSSP 
show altered shoulder kinematics and it could be that these kinematic alterations 
worsen the initial pathology or cause secondary pathologies and thus initiate a 
vicious circle of repetitive soft tissue damage leading to chronic PSSP.  
In general we can conclude that patients with PSSP show a particular kinematical 
shoulder pattern, characterized by enhanced scapular lateral rotation and diminished 
glenohumeral mobility. The question remains what causes these changes and what 
the relation is between PSSP and the altered shoulder kinematics. It could be that 
PSSP causes the kinematic differences found, but it could also be the other way 
around. Additionally, an additional factor could cause both PSSP and changes in 
shoulder kinematics. 
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ABSTRACT 
Objective: To identify a possible relationship among chronic Post-Stroke Shoulder 
Pain (PSSP), scapular resting pose and shoulder proprioception. 
Design: Case-Control Study. 
Setting: Rehabilitation Centre. 
Participants: A total of 21 inpatients with stroke and 10 healthy control subjects. 
Interventions: Not applicable. 
Main outcome measures: Orientations of both the contralateral and ipsilateral (i.e. 
paretic and non- paretic) shoulders during rest in degrees, angular displacement 
(degrees) for threshold to detection of passive motion (TDPM) tests and absolute 
error (degrees) for passive reproduction of joint position (PRJP) tests. 
Results: The contralateral shoulder of patients with PSSP showed more scapular 
lateral rotation and larger TDPM and PRJP scores compared to both patients 
without PSSP and control subjects. Additionally, the contralateral shoulder of 
patients with deteriorated proprioception showed more scapular lateral rotation 
compared to control subjects whereas their ipsilateral shoulder showed more 
scapular lateral rotation when compared to both control subjects and patients with 
good proprioception.  
Conclusion: A clear relation among affected shoulder kinematics, affected 
proprioception and PSSP was found. In determining the risk of developing PSSP, 
attention should be paid to a patients shoulder proprioception and kinematics. If 
both are altered after stroke, this could worsen the initial pathology or cause 
secondary pathologies and thus initiate a vicious circle of repetitive soft tissue 
damage leading to chronic PSSP. Additionally, more attention should be paid to the 
ipsilateral (i.e. non-paretic) shoulder since it could be used in determining the risk 
of developing PSSP in the contralateral (i.e. paretic) shoulder.  
 
Key words: Stroke, Pain, Proprioception, Kinematics, Shoulder. 
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INTRODUCTION 
A stroke is the rapidly developing loss of brain functions due to a disturbance in the 
blood vessels supplying blood to the brain. This can be due to ischemia (lack of 
blood supply) caused by thrombosis or embolism or due to a hemorrhage 1. Stroke 
often profoundly affects upper-limb stability and movement capacity. Common post 
stroke motor disorders are spasticity (hypertonia), paralysis, shoulder subluxation, 
adhesive capsulitis, impingement syndrome, and rotator cuff injury 2-6. Spasticity as 
well as paresis both affect positioning of the shoulder, shoulder stability, and 
vulnerability to soft tissue injury 2, 7. This can initiate and maintain a cycle in which 
the shoulder condition can deteriorate 8, 9 which eventually could lead to Post Stroke 
Shoulder Pain (PSSP) 2, 10-13. PSSP can be defined as pain in the shoulder joint or 
the surrounding area which can either occur spontaneously or can be movement 
dependent and it can become chronic (i.e. lasting 3 months or more). PSSP impedes 
rehabilitation and may also interfere with balance, walking, transfers, performance 
of self-care activities, and quality of life 12. 
In the development of PSSP, alterations to shoulder proprioception (i.e. 
afferent information arising from peripheral areas of the body  that contributes to 
joint stability, postural control, and motor control 14-16) as well as alterations in 
shoulder kinematics could play an important role 8, 9, 17-23, which is schematically 
represented in  figure 5.1.  
 
Figure 5.1: Schematic representation of a possible mechanism which leads to the 
development of Post Stroke Shoulder Pain. 
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Although it has been shown that the kinematics and proprioception of both 
shoulders are affected as result of a stroke 20-23 and that alterations in shoulder 
kinematics have been related to PSSP22, 23, to our knowledge, no study has 
evaluated a possible relationship between alterations in shoulder kinematics and 
shoulder proprioception and their mutual relation to PSSP (figure 5.1). The goal of 
this study, therefore, was to identify a possible relationship between shoulder 
resting pose (i.e. position and orientation), shoulder proprioception and their mutual 
relation to shoulder pain in the subacute phase after stroke (defined as 2 – 24 weeks 
post-stroke). Only shoulder resting pose was included in the analysis (and not 
shoulder pose during arm movement), as previous research has shown that during 
rest, the largest differences occur 22. It seems likely that stroke patients spend most 
of the day with their arm in a position similar to the rest position measured in this 
study. We hypothesize that shoulder pain will be related to both a disturbed 
shoulder pose and a disturbed proprioception. Then, shoulder pain, whatever the 
initiating factor, may eventually be the consequence of a vicious circle of repetitive 
soft tissue damage caused by improper kinematics and deteriorated proprioception 
as is depicted schematically in figure 5.1. 
 
 
METHODS 
Twenty one patients in the subacute phase after stroke were recruited from the 
inpatient stroke unit of a general rehabilitation hospital (table 5.1). All patients had 
experienced their first stroke and had no history of shoulder complaints prior to the 
stroke. Only patients who were able to perform all the required physical, cognitive, 
and communicative tests for this study were included. Measurements were done on 
the contralateral side (relative to the affected hemisphere, i.e. paretic) as well as the 
ipsilateral side (relative to the affected hemisphere, i.e. non-paretic) since it has 
been shown that both shoulders could be affected after stroke 20, 22, 23. As primary 
outcome measures, shoulder proprioception and kinematics were measured. 
Secondary outcome measures were current shoulder pain, muscle tone, and degree 
of paralysis. They were scored using a 0- to 100-mm visual analog scale (VAS, 0: 
no pain; 100:  unbearable pain) 24, 25, a 0 to 5 scale Modified Ashworth Scale (MAS, 
0: no increase in muscle tone; 5: limb rigid in flexion or extension) 26, 27, and a 0 to 
6 scale Brunnstrom stage 28 (0, complete paralysis; 6, no paralysis), respectively 
(table 1). Patients were diagnosed of having PSSP by a doctor and physiotherapist. 
We included a control group (n=10, table 5.1), mainly consisting of 
employees from the rehabilitation center. The study was approved by the local 
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institutional medical ethical review committee and all subjects signed an informed 
consent statement before the start of the measurements. 
Kinematic and proprioception measurements were performed on separate 
days to prevent measurements from taking too much time and becoming too 
strenuous. If necessary, the ipsilateral and contralateral sides were measured on 
different occasions, but always within one week.  
 
Table 5.1. Subjects’ characteristics. 
 Patients with 
PSSP  
Patients 
without PSSP  
Control 
subjects 
Number of subjects (Men/Women) 9 (6/3) 12 (5/7) 10 (4/6) 
Age (mean ± SD, years) 62.8 ± 8.6 57.7 ± 10.2 49.3 ± 7.2 
VAS score (mean ± SD , mm) 49.7  ± 24.7 0 0 
Range Brunnstrom stage (degree of 
paralysis) 
1-4 2-5 NA 
Range Modified Ashworth scale 
(muscle tone) 
0-2 0-3 NA 
Time since stroke (mean ± SD, weeks) 15.4 ± 6.8 13.2 ± 9.0 NA 
Side of brain lesion: left/right 6/3 5/7 NA 
Lesion location: Cortical/Sub-cortical 5/4 6/6 NA 
NA: not applicable 
 
Shoulder proprioception  
An isokinetic dynamometer (System 3; Biodex Medical Systems, Inc., NY, USA) 
was used to measure proprioception. During the tests, subjects were blindfolded to 
rule out visual clues. Subjects did not wear earphones because communication with 
the experimenter was necessary. Voight et al 29 found no effect of arm dominance 
on shoulder proprioception using a similar isokinetic dynamometer and a similar 
protocol. Therefore only the dominant arm of the control subjects was measured.  
 
Threshold to Detection of Passive Motion  
The threshold to detection of passive motion (TDPM) is a measure of an 
individual’s kinaesthesia 8, 17, 19. Subjects were seated next to the dynamometer with 
their arm in 60° abduction (elevation in the frontal plane), 90° elbow flexion, and 0° 
of humeral axial rotation (i.e., hand points forward). The dynamometer was 
adjusted so that its axis of rotation was in line with the longitudinal axis of the 
subject’s upper arm (Figure 5.2). No patient experienced pain during the tests. With 
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the subject being instructed to relax, the dynamometer moved the subject’s arm into 
two directions: internal or external rotation, at a fixed rate of 0.5° per second. 
Subjects were not informed about movement direction and were instructed to 
respond to detection of movement either verbally or by nodding their head while 
angular displacement (in degrees, relative to the start position) at that point was 
recorded by the experimenter after pressing a stop button. They also had to indicate 
the perceived movement direction.  If movement direction was perceived 
incorrectly during a trial, that specific trial was discarded. Three trials per rotation 
direction were performed and the scores were averaged. Between the trials, rotation 
direction was randomized to prevent possible learning effects. To rule out the use of 
sound as possible clues, test trials were randomly alternated with dummy trials in 
which the subject’s arm did not move and the dynamometer made the same sound 
as during the normal tests. Subjects were informed of the occurrence of these 
dummy trials before the start of the measurement session so that they were aware 
that these sounds were not necessarily associated with arm movement. If subjects 
reported movement during a dummy trial, an extra dummy trial was added to the 
measurements. If a subject reported movement during more than one dummy trial, 
data were considered unreliable and the data of that subject was not included in this 
paper. 
 
 
Figure 5.2: Experimental setup for the measurement of shoulder proprioception with the 
arm in 60° abduction, 90° elbow flexion, and 0° of humeral axial rotation 
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Passive Reproduction of Joint Position  
Passive reproduction of joint position (PRJP) tests gives a measure of a individual’s 
position sense 8, 17, 19. Two different start positions were used to test the passive 
reproduction of joint position in the mid range and upper-end range of motion: (1) 
60° abduction, 90° elbow flexion, and 0° humeral axial rotation; and (2) similar as 
(1) but with 30° humeral external rotation 19. Kinesthetic and position information is 
mainly provided by muscle spindles 30, 31, but the mechanoreceptors in the 
ligaments, subacromial bursa, and capsules have also been reported to play a role in 
kinesthesia. However, these mechanoreceptors are assumed to respond primarily to 
terminal flexion and extension rather than to movement 32 and therefore we chose 
these two start positions to test for a possible influence of these mechanoreceptors. 
The dynamometer moved the subject’s arm passively to a reference angle: 10° 
internal or 10° external rotation, relative to the chosen start position. This resulted 
in four different absolute reference angles: 10° internal and 10°, 20°, and 40° 
external rotation 17. Movement speed of the dynamometer was varied between 0.5 
and 2.0° per second between trials in order to prevent possible learning effects. 
Each subject was allowed to sense the reference angle for 10 seconds before 
the arm was returned passively to the start position 17, 19, 33-36. Subsequently, the arm 
was moved passively towards the reference position and the subject had to indicate 
verbally when he/she felt that it had been reached. At that point the dynamometer 
was stopped by the experimenter. The absolute error in degrees (i.e. offset) between 
the indicated and reference position was measured. This was done three times per 
reference angle and the scores were averaged. 
 
Kinematics 
We used an electromagnetic tracking device (MotionMonitor; Innovative Sports 
Training, Inc., Chicago, IL, USA) to quantify shoulder kinematics. This setup 
consists of a transmitter creating a weak magnetic field in which the position and 
orientation of several receivers can be followed. Accuracy is reported to be 0.5° 
(RMS) for orientation and 1.8 mm (RMS) for position (manufacturer specifications 
at 75 cm from the centre of the transmitter). Measurements were performed on both 
arms separately in sitting position according to standards of  the International 
Shoulder Group (ISG) 37 using a wooden chair at approximately 75 cm distance 
from the transmitter. Receivers were placed the thorax and scapula using tape 
(Fixomull stretch) 38-40. A third receiver was placed on a pointer, to be used as a 
spatial digitizer.  
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Local coordinate systems (LCS’s) of the thorax and scapula were determined using 
the standardized protocol of the ISG. These LCS’s were calculated by the 
MotionMonitor software using bony landmarks, with a similar layout for all 
segments (x-axis pointing forward, the y-axis pointing upward and the z-axis 
pointing to the right) 37. The orientations of these LCS’s were decomposed and 
expressed in Euler angles using the decomposition order as proposed by the ISG 37, 
i.e. y, x’, z’’ (pro/retraction, medial/lateral rotation, anterior/posterior tilt) for the 
scapula relative to the thorax. 
Poses (position (i.e. translation in x, y and z direction) and orientation) of the 
scapula relative to the thorax during rest (with arms along side the body) were used 
for analysis. Three different rest poses were recorded and outcomes were averaged. 
Both shoulders of stroke patients were measured, while only the dominant side of 
control subjects was measured as shoulder kinematics of left and right shoulders do 
not differ 20. 
 
Data Analysis 
We compared the TDPM (Threshold to Detection of Passive Motion) and PRJP 
(Passive Reproduction of Joint Position) scores and shoulder poses of both the 
patient’s shoulders with the control subject’s dominant side using a nonparametric 
Kruskal-Wallis H 1-way analysis of variance. For post hoc tests, a nonparametric 
Mann-Whitney U test was used to compare the patient’s contralateral and ipsilateral 
side to the control subjects. To test for differences between internal and external 
rotation, we used a Wilcoxon signed-rank test. In case patients were not able do 
detect motion or were not able to feel the position of their arm, TDPM and PRJP 
scores were allocated a similar value exceeding the overall highest score. In this 
way, these patients received a high rank number and were included in the test and 
this is also the reason nonparametric tests were used rather than parametric.  
For both shoulders, scapular rest poses of stroke patients with and without 
PSSP and control subjects were compared using one-way 1 x 5 ANOVA (PSSP 
contralateral (1), PSSP ipsilateral (2), no PSSP contralateral (3), no PSSP ipsilateral 
(4) and control (5)). To get insight in the relationship between shoulder 
proprioception and pose, patients were divided in two groups: patients with good 
and patients with bad proprioception. Good proprioception was defined as scores 
lower than the mean of the control group plus 2 standard deviations while bad 
proprioception was defined as scores above that. The data from both patient groups 
(PSSP and no PSSP) were combined, resulting in 12 subjects with bad and 9 
subjects with good proprioception. Subsequently, a one-way ANOVA was used to 
test for differences between the groups.  Results were considered significant at p < 
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0.05. For both ANOVAs a Tukey HSD post hoc test was used to determine which 
groups were different when a significant group effect was found. 
 
 
RESULTS 
On the contralateral side, three patients were not able to detect position and motion 
while two patients were only not able to detect motion. With the ipsilateral arm, 
only one patient was not able to detect motion, while all patients were able to detect 
position. Of the patients with PSSP, only three were able to reach an external 
rotation of 30 degrees (second start position) with their contralateral arm.  All of the 
results are included within figures 5.3 and 5.4. 
 
Effect of pain 
Figure 5.3 shows TDPM and PRJP scores (absolute errors) of patients with and 
without PSSP for both shoulders and control subjects. Note that subjects who were 
not able to detect motion and/or feel the position of their arm are not included in 
this figure. The contralateral shoulder of patients with PSSP showed significant 
larger TDPM and PRJP scores than those of control subjects and than those of 
patients without PSSP except for PRJP scores at a reference angle of 40° external 
rotation (figure 5.3). Patients without PSSP had significantly higher TDPM scores 
than control subjects, but PRJP scores were not different. The ipsilateral shoulder of 
patients with PSSP showed larger TDPM scores for internal and external rotation 
than control subjects (figure 5.3).  
From the nine patients with PSSP included in this study, seven had 
deteriorated proprioception test scores, while only two had normal scores. From the 
12 patients without PSSP, 10 had normal and two had deteriorated proprioception 
test scores. 
Comparing the shoulder orientation of patients with and without PSSP (in 
their contralateral shoulder) and control subjects, both shoulders of patients with 
PSSP showed more scapular lateral rotation than those of patients without PSSP and 
control subjects (figure 5.4). Patients without PSSP did not show alterations in 
scapular orientation compared to control subjects (figure 5.4). No differences in 
scapular pro/retraction, anterior/posterior tilt or position were found between the 
three groups.  
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Figure 5.3: Proprioception test scores: CL: contralateral; IL: ipsilateral; D_int: 
detection of internal rotation; D_ext: detection of external rotation; R_-10 to R_40: 
reproduction of position at different reference angles. *: Significantly different from 
controls (P < 0.05); †: Significantly different from subjects without PSSP (P < 0.05). 
 
Effect of proprioception 
The contralateral shoulder of patients with bad proprioception on that side showed 
more scapular lateral rotation and more protraction when compared to control 
subjects (lateral rotation: figure 5.4, protraction: 38.01 ± 7.57 vs. 27.00 ± 4.82, p = 
0.004), while their ipsilateral shoulder showed more scapular lateral rotation when 
compared to both control subjects and patients with good proprioception (figure 
5.3).  
 
 
DISCUSSION 
The goal of this study was to identify a relationship among proprioception, 
kinematics and shoulder pain. It was found that: 1) both shoulders of patients with 
PSSP show more lateral rotation than patients without PSSP and controls; 2) both 
shoulders of patients with PSSP show higher TDPM and PRJP test scores when 
compared to patients without PSSP and controls; 3) the contralateral shoulder of 
patients with deteriorated proprioception shows more scapular lateral rotation than 
controls; and 4) the ipsilateral shoulder of patients with deteriorated proprioception 
shows more scapular lateral rotation than patients with normal proprioception and 
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controls. In figure 5.5, these findings are placed in the model which was described 
in the introduction (figure 5.1). 
 
 
Figure 5.4: Scapular rotation in patients with and without PSSP and with good and 
deteriorated proprioception, converted to the right scapula (mean ± SD in degrees). CL: 
contralateral; IL: ipsilateral; det prop: deteriorated proprioception; good prop: good 
proprioception.  *: Significant difference (P < 0.05). 
 
We showed before that shoulder proprioception of stroke patients, especially 
detection of motion, is affected after stroke 23. However, in that study, the main 
focus was to investigate shoulder proprioception after stroke and the number of 
patients with PSSP included in the analysis (5 subjects) was too small to make valid 
comments about a relation between PSSP and shoulder proprioception. In the 
Control: 0.3 ± 5.5 
CL PSSP: -9.5 ± 7.2 CL No PSSP: -2. 7 ± 
8.7 
CL good prop: -3.8 ± 6.9 
IL det prop: -10.4 ± 8.9 CL det prop: -6.7 ± 9.8 
IL PSSP: -11.3 ± 9.4 IL No PSSP: -3.8 ± 6.5 IL good prop: -2.4 ± 5.6 
p = 0.004 
p = 0.036 
p = 0.004 
p = 0.034 
p = 0.005 
p = 0.006 p = 0.000 
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present study, other subjects were included and a different statistical analysis was 
used resulting in 9 subjects with PSSP, and clear relation between affected 
proprioception and PSSP could be established. The design of this study does not 
allow causality to be established and therefore care should be taken when 
interpreting the results. It could be that signals sent by pain receptors override and 
decrease proprioception afferents resulting in these poor test results 35, 41. 
Proprioceptive signals are mainly provided by muscle spindles 30, 31 and 
experimentally induced muscle pain by means of intramuscular injection of 
hypertonic saline in the jaw muscles of a cat showed a decrease in mean firing rate 
from the muscle spindles 42. If PSSP has similar effects on the muscle spindles of 
the shoulder muscles, then the reduction in proprioception would be a direct effect 
of PSSP. However, in human studies on the ankle and knee, a clear link between 
pain and a reduction in proprioception has not been established 43-45. If these 
conclusions can be translated to the shoulder, then PSSP itself does not seem to be 
the cause of a deterioration of shoulder proprioception and the relationship found in 
the present study between PSSP and affected proprioception is not a direct, but an 
indirect relationship. 
 
Figure 5.5: Placement of the main findings in the model described in the introduction. 
Grey dotted lines represent a significant relation. 
 
In a previous study, we showed a relationship between PSSP and affected shoulder 
pose 22. Additionally, we found in the present study that both shoulders of patients 
with affected proprioception (of their contralateral shoulder) showed more lateral 
rotation of the scapula. Proprioception plays an important role in maintaining 
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shoulder position and stability 46. Previous studies based on athletes and patients 
with chronic shoulder instabilities have shown that shoulder injuries and chronic 
shoulder instabilities can lead to proprioceptive deficits 8, 9, 17-19. It is possible that 
the shoulder instability as a result of the stroke can have the same effect in stroke 
patients. Due to alterations in scapular kinematics muscles and ligaments can be 
stretched. This leads to higher strains and possibly higher joint reaction forces. Also 
the location of the reaction forces within the joint could alter. These mechanisms 
could theoretically lead to damaged peripheral afferent receptors that provide 
proprioceptive information (i.e. muscle spindles, mechanoreceptors in the capsule 
and ligaments) or (partial) deafferentiation of these receptors41. This could 
contribute to the vicious circle of shoulder instability due to decreased reflex muscle 
stabilization which could lead to shoulder pain (figure 5.1).  
We found differences in shoulder kinematics and proprioception of both 
shoulders of patients with PSSP and this could be explained by the fact that both 
hemispheres control both sides of the body 47-49, so a lesion in one half of the brain 
also affects the other half. It has been shown before that the ipsilateral side of stroke 
patients is also affected after stroke 20, 23. None of the patients with affected shoulder 
pose or proprioception on their ipsilateral side had shoulder pain on that side, only 
the contralateral side was painful. A central compensating mechanism for pain relief 
could be involved and this would affect both shoulders and not only the painful one. 
However, no indications have been found that such a mechanism exists. If the 
alterations in shoulder proprioception and pose are the direct cause of shoulder pain, 
then, due to the hemiparesis, the musculature of the contralateral shoulder would 
not be able to compensate sufficiently which could lead to shoulder pain. The 
ipsilateral side however, is able to prevent painful shoulder poses by assuming a 
different pose. Moreover, the contralateral shoulder is much less active and remains 
most of the time around resting position and the ipsilateral shoulder is the most 
mobile shoulder which patients use to perform most of the daily activities.  
 
Study limitations 
Testing on different days could possibly affect our results. However, we tried to 
measure both shoulders on the same time of day and not after a therapy session. In 
this way we tried to measure as much as possible under similar circumstances. If we 
had done both measurements on the same day, then the measurement session would 
have taken too long for the patients (over two hours) which would probably affect 
our measurements more (due to fatigue and loss of concentration) than spreading 
the measurements over 2 separate days. If the experimenter felt that the 
measurement circumstances on the second measurement occasion were very 
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different from the first (i.e. patient was too tired or stressed), then the second 
measurement was postponed. We tested the ipsilateral (i.e. ‘unaffected’) side first to 
familiarize the subjects with the procedure. This could have introduced an order 
effect and one could expect that the second measurement would be better (i.e. the 
contralateral side) due to a learning effect. If this was the case, then the actual 
difference would be even greater between the sides and the effects we found of the 
stroke on the contralateral side would be an underestimation. 
The age difference between the PSSP group and the control group was 13 
years. However, we believe that this difference does not have an effect on our 
results. A study by Endo et al 50 showed (during rest) no effect of age on scapular 
lateral rotation (called ‘upward rotation’ in that paper). It must be noted that the 
study by Endo et al 50 utilized a 2-D radiographic technique while we used 3-D 
electromagnetic tracking. Skinner et al 51 investigated the effect of age on knee 
proprioception and they found that an age difference of 13 years would result in an 
increase of the error of (active) joint reproduction with 0.7° and an increase of 0.6° 
in the threshold for detection of passive motion. If this also holds true for the 
shoulder, than the age difference does not cause the differences found.  
Additionally, we performed an ANCOVA with age as a covariate and this did not 
change the outcomes of the study (for both shoulder kinematics and 
proprioception). 
During the proprioception experiments, the experimenter pressed a stop 
button after feedback from the subject while in other studies a trigger or stop-button 
is pressed by the subject 17, 19, 35, 52. We chose for this approach because if the 
subject had to push the button and we wanted to measure the ipsilateral side (i.e. 
‘unaffected’ side) the subjects had to press the button with the contralateral (i.e. 
‘affected’) hand. For many stroke patients this is very difficult or even impossible 
and the error introduced in this way is probably very large. By choosing this method 
we introduced a possible error. Typical auditory reaction times are 160-190 ms 53 so 
at the maximal movement speed of 2°/s this would result in an error of 0.3°-0.4° 
(‘offset’). If this error was variable (i.e. doubled or even tripled reaction time) than 
this would result in a variable error of 0.3°-0.4° to 0.6°-0.8° on top of the ‘offset’. 
As the differences between the groups (PSSP, no PSSP and controls) are much 
larger, in our opinion, this possible error does not affect the outcome of this study. 
Additionally, Gerritsen et al 54 showed that stroke causes a decrease in decision-
making speed. However, the increase in reaction time found, up to 200ms 
depending on the difficulty of the task, cannot explain the differences found in 
proprioception scores in this study: 200ms at 0.5 degrees/second results in 0.1 
degree while we found differences of 5 degrees or more. Therefore we believe that 
this method did not affect our results. 
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We chose not to use loud music or headphones during the proprioception 
experiments as many stroke patients have difficulties concentrating on a specific 
task (they are distracted very easily). To prevent them from being distracted (and 
introducing large errors) we chose not to use music or headphones but to use 
dummy trials. As subjects were aware that dummy trials were present, they had to 
focus on the movement itself. Since the conditions were the same for all subjects, 
the differences found between the groups can not be attributed to the conditions (i.e. 
the sound of the Isokinetic dynamometer) but must be caused by other factors. Also, 
the data from the control group is in the same order of magnitude as other studies17, 
19, 52  in which headphones were used.  
During the PRJP test, we measured the absolute error (i.e. no sign) instead of 
the constant error (where undershoot values would be negative and overshoot 
values positive). We chose for this method to replicate methods used in other 
studies 17, 19, 23 so data can be compared. If the constant error was used, than two 
trials could cancel each other out: three trials with scores of -5, 5 and 3 would result 
in an average of 1, while in our case this would result in 4.3. Therefore we think the 
method we used is the most appropriate for this type of study. 
 
 
CONCLUSION 
The clinical implications of the observed relationships between PSSP, shoulder 
proprioception and kinematics remain speculative since the design of this study 
does not allow for a causal relation to be established. However, we can conclude in 
general that patients with PSSP show more scapular lateral rotation and have 
deteriorated proprioception. Also patients with affected proprioception have a more 
laterally rotated scapula. So in determining the risk of developing PSSP, attention 
should be paid to a patients shoulder proprioception and kinematics. If both are 
altered after stroke, this could worsen the initial pathology or cause secondary 
pathologies and thus initiate a vicious circle of repetitive soft tissue damage leading 
to chronic PSSP. Another interesting implication is that measurements on the 
ipsilateral (non-paretic) side could be used as an indicator for the development of 
PSSP on the contralateral side. For stroke patients, measurements on the ipsilateral 
shoulder are easier, faster and more comfortable than measurements on the 
contralateral shoulder. If shoulder kinematics and proprioception are both affected 
on the ipsilateral side, this could reflect the vulnerability of the contralateral 
shoulder for developing PSSP during the early stages of rehabilitation.  
Future studies investigating the causal relation between proprioception, 
shoulder kinematics and the development of PSSP should incorporate a longitudinal 
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design and/or interventions aimed at improving shoulder proprioception and 
shoulder kinematics 55. This could also shed more light on the mechanisms leading 
to chronic PSSP. Additionally, more research should be done on possibility of using 
measurements of the ipsilateral shoulder as an indicator for the development of 
PSSP on the contralateral side. 
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Glenohumeral reaction force and shoulder 
muscle lengths after stroke: a model study 
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ABSTRACT 
Objective: The goal of this study was to investigate whether during arm elevation 
the GH reaction force and its location inside the GH joint as well as muscle lengths 
of the shoulder muscles differed between stroke patients with and without post 
stroke shoulder pain (PSSP) and control subjects. 
Methods: A biomechanical model of the shoulder was used to calculate the GH 
reaction force, its location within the GH joint and muscle lengths of patients with 
and without PSSP and control subjects. Inputs to the model were the position of the 
Incisura Jugularis (IJ) and the rotations of the thorax, clavicle, scapula, humerus and 
forearm obtained with an electromagnetic tracking device during active arm 
abduction and forward flexion. 
Results: The reaction force within the GH joint remained more centered on the 
glenoid fossa when comparing stroke patients to control subjects but no clear 
differences were found between patients with and without PSSP. The mean GH 
reaction force was lower in both patient groups (PSSP: 312 ± 100 N, no PSSP: 315 
± 108 N) when compared to controls (336 ± 125 N) during forward flexion. Patients 
with PSSP showed a smaller increase in GH reaction forces at higher elevation 
angles. When looking at muscle lengths, only small differences were found (5-10 
%). 
Conclusions: In general we can conclude that stroke patients use a different 
movement pattern compared to healthy control subjects, apparently causing the GH 
joint reaction force to be centered more on the glenoid fossa. This could act as a 
mechanism counteracting the decreased scapulohumeral balance after stroke and 
can mainly be attributed to the differences in humeral rotations (i.e. plane of 
elevation and axial rotation) and not to differences in scapular rotations. No relevant 
differences were found between patients with and without PSSP regarding GH joint 
reaction force, its location on the glenoid fossa and muscle lengths, suggesting that 
shoulder pain can not be explained by these factors.  
 
Key Words: Glenohumeral joint, reaction force, muscle length, shoulder, stroke. 
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INTRODUCTION 
The glenohumeral (GH) joint provides the largest contribution to thoracohumeral 
motion. Unlike the acetabulum of the hip joint, the glenoid of the GH joint does not 
provide an intrinsically stable socket and therefore the stability of the GH joint 
depends on compression of the humeral head into the glenoid fossa by its 
surrounding muscles (i.e. rotator cuff and deltoid muscles). Additionally, 
capsuloligamentous structures (i.e. coracohumeral and glenohumeral ligaments) 
provide necessary constraint but are not tight enough by themselves to prevent joint 
dislocation1.  
The stability of the GH joint is often compromised after stroke, which could 
lead to a situation in which the shoulder becomes painful2-7. It has been shown that 
the shoulder kinematics and proprioception are affected after stroke and that they 
are affected more in patients with post-stroke shoulder pain (PSSP) 8-10. Different 
movement patterns require different neuromuscular control and are associated with 
different loading patterns on the muscles and joint structures as well as differences 
in muscle length11-13. It could be that the reaction force within the GH joint becomes 
higher as a result of the affected kinematics or the affected neuromuscular control as 
different muscle activation patterns could lead to different joint reaction forces12. If 
due to the paralysis the muscles normally responsible for specific movements are 
not able to generate enough force, the surrounding muscles have to help out to make 
the movement possible. This could theoretically lead to higher reaction forces due 
to unfavorable torque components but also to differences in the location of the 
reaction force on the glenoid fosssa, and even to clinically unstable joint loading 
where the reaction force is pointing outside the glenoid surface. Additionally, the 
strain on the muscles could increase if muscles are stretched and when operating 
below or above their optimal length, they are less efficient 14. Several muscles have 
already been mentioned in the literature in relation to PSSP 6, 15-24.Therefore, PSSP 
could be related to a higher GH reaction force, a different location of this force on 
the glenoid fossa and/or differences in muscle length. 
Reaction forces and muscle lengths cannot be measured directly in an intact 
shoulder and therefore a musculoskeletal model is necessary to simulate motions 
and calculate these parameters. In this paper, the Delft Shoulder and Elbow Model 
(DSEM)13, 25 was used which incorporates shoulder girdle joints, elbow and forearm 
as well as 31 muscles crossing these joints. Such a model enhances the functional 
insight in the mechanics of the upper extremity and the role of various 
morphological structures. It can also be used to investigate questions about the 
diagnosis and treatment of shoulder complaints and the loading of morphological 
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structures during work, ADL and other activities can be calculated to relate the 
loading with persistent shoulder complaints25. 
The goal of this study was to investigate whether during arm elevation the 
GH reaction force and its location inside the GH joint as well as muscle lengths of 
the shoulder muscles differed among stroke patients with and without PSSP and 
control subjects. It was hypothesized that the GH reaction force was increased in 
stroke patients and that patients with PSSP showed the highest reaction force and 
that the location and direction of the GH reaction force showed the highest variation 
in patients with PSSP. Furthermore, we hypothesized that the differences in muscle 
lengths would be larger in patient with PSSP than patients without PSSP compared 
to control subjects.  
 
 
METHODS 
Subjects 
Twenty patients in the subacute phase after stroke were recruited from the inpatient 
ward of a rehabilitation centre (Table 6.1). All patients had experienced their first 
stroke and had no history of shoulder complaints prior to the stroke. They were able 
to perform all the required physical, cognitive and communicative tests for this 
study. Prior to measurements, current shoulder pain, muscle tone and degree of 
paralysis were scored, using a 0-100 mm Visual Analog Scale (VAS) 26, 27 (score of 
0: ‘no pain’; score of 100: ‘unbearable pain’), a 0-5 scale modified Ashworth Scale 
28, 29  (score of 0: ‘no increase in muscle tone’; score of 5: ‘limb rigid in flexion or 
extension’) and 0-6 scale Brunnstrom stage 30 (score of 0: complete hemiparalysis; 
score of 6: no hemiparalysis), respectively (Table 6.1). Measurements of shoulder 
kinematics were only performed on the contralateral side (relative to the side of the 
lesion, i.e. ‘paretic’) and data were subsequently used as input for the DSEM.  
Ten healthy subjects (Table 6.1) with no history of shoulder complaints were 
used as a control group. The study was approved by the local Institutional Review 
Board and all subjects signed an informed consent statement after being informed 
on procedures and aims of the study, and before the start of the measurements. 
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Table 6.1: Subjects’ characteristics. 
 Patients with 
PSSP 
Patients without 
PSSP 
Control 
subjects 
Number of subjects (Men/Women) 10 (8/2) 10 (6/4) 10 (4/6) 
Age (mean ± SD, years) 63.0 ± 7.4 60.0 ± 8.5 49.3 ± 7.2 
VAS score (mean ± SD , mm) 53.7 ± 23.6 NA NA 
Range Brunnstrom stage (degree 
of paralysis) 
1-5 2-5 NA 
Range Modified Ashworth scale 
(muscle tone) 
0-2 0-3 NA 
Time since stroke (mean ± SD, 
weeks) 
16.9 ± 9.3 13.1 ± 10.8 NA 
NA: not applicable 
Shoulder kinematics 
An electromagnetic tracking device (MotionMonitor™; Innovative Sports Training, 
Inc., Chicago, IL. USA) was used to quantify shoulder kinematics. This setup 
consists of a transmitter creating a weak magnetic field in which the position and 
orientation of several receivers can be followed. The manufacturer has reported an 
accuracy of 0.5° (RMS) for orientation and 1.8 mm (RMS) for position at a distance 
of approximately 75 cm from the transmitter (system documentation). 
Measurements of the patients’ contralateral side and the control subjects’ dominant 
side were performed according to a standardized protocol for motion recordings of 
the shoulder 31. Two receivers were placed on respectively thorax and upper arm 
using Velcro straps and tape. A third receiver was mounted on the flat surface of the 
acromion using tape (Fixomull stretch). This method has proven to be accurate for 
measuring scapular motion up to about 90° arm elevation 32, 33. A fourth receiver 
was placed on a pointer, to be used as a spatial digitizer.  
Subject sat in a wooden chair in such a way that the thorax and scapula 
receivers were at approximately 75 cm from the transmitter. The LCS’s were 
determined following the ISB standardization proposal 34, but with a different 
definition of axis directions (x-axis pointing to the right, the y-axis pointing upward 
and the z-axis pointing backward)31. The orientations of these LCS’s were 
decomposed and expressed in Euler angles using the following decomposition 
orders 31: pro/retraction, medial/lateral rotation, anterior/posterior tilt for the 
thoracoscapular angles and plane of elevation, elevation, internal/external rotation 
for the thoracohumeral and glenohumeral angles. 
Active arm elevations (i.e., humerus relative to the thorax; to maximally 90° 
or the maximal possible angle but always below the pain threshold) were performed 
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in the frontal (abduction) and sagittal plane (forward flexion). A target angle of 90º 
was chosen since this was expected to be feasible for most patients 35, and readings 
of the sensor on the acromion are less reliable above this angle 32.  The movements 
were standardised by using an adjustable semi-circular wooden arch mounted along 
side the subject as a guide. Poses (position (i.e. translations in x, y and z direction) 
and orientation) of the scapula relative to the thorax and the humerus relative to the 
scapula from rest (subject sitting up straight on the chair with both arms alongside 
the body) to 90°, in steps of 10°, were used for analysis. The movements were 
performed three times with both arms (not measured simultaneously) and outcomes 
were averaged. 
 
Shoulder Model 
The inverse-dynamic model used in this study is the Delft Shoulder and Elbow 
Model (DSEM)13, 36 which is based on the anatomical data of one cadaver (L10)37, 
38. Inputs to the model were the position of the Incisura Jugularis (IJ) and the 
rotations of the thorax, clavicle, scapula, humerus and forearm. The reaction force 
in the GH joint was constrained to point from the rotation centre inside the glenoid 
cavity, otherwise dislocation of the joint would occur. The cost function used to 
solve the load-sharing problem was based on optimizing energy cost 39. Output 
variables were GH reaction force and its location on the glenoid and muscle lengths 
(relative to their optimal length). Muscle lengths were determined as the average 
length of all muscle elements per muscle as calculated by the DSEM.  
 
Statistics 
Scapular and humeral poses of the contralateral (e.g. affected) shoulder of stroke 
patients with and without PSSP and control subjects were compared using a General 
Linear Model ANOVA with repeated measures, with arm elevation (30 to 70 
degrees in steps of 10 degrees) as a within factor and group (control, patients with 
and without PSSP) as a between factor. This was also done for the GH reaction 
force and muscle lengths. Results were considered significant at p < 0.05. When a 
significant difference was found, a Tukey HSD post hoc test was used to determine 
which groups were different. 
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RESULTS 
Shoulder kinematics 
During abduction, the plane of elevation of the humerus (i.e. first rotation) was 
larger for both patient groups (p < 0.05) compared to the control subjects (Fig. 1), 
indicating that the patients performed the movement more towards the scapular 
plane than in the frontal plane. Patients without PSSP performed forward flexion 
movements with less external rotation of the humerus relative to the thorax 
compared to control subjects (p = 0.01, Figure 6.1).  
Scapula lateral rotation relative to the thorax was found to be larger during 
abduction and forward flexion movements for patients with PSSP compared to 
control subjects (p < 0.05, Figure 6.1).  
 
Shoulder Model 
Figure 6.2 shows the mean trajectory as well as the individual data of the location of 
the GH reaction force on the labrum during both abduction and forward flexion 
movements, for control subjects and patients with and without PSSP. During 
thoracohumeral abduction, the GH reaction force of the control subjects shows an 
upward migration from rest to 40° elevation before returning towards the centre of 
the glenoid fossa at 90° elevation. For patients with and without PSSP the GH 
reaction force remains closer to the centre of the fossa, although the pattern is 
similar to that of the control subjects. During forward flexion, the GH reaction force 
of the control subjects shows mainly a posterior migration. The GH reaction force 
of the patients with PSSP remains centered on the fossa, while the GH reaction 
force of the patients without PSSP shows an inferior/posterior migration. Three 
patients with PSSP show different trajectories as can be seen in figure 6.2
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Figure 6.1: Humeral plane of elevation, humeral axial rotation and scapular lateral rotation during abduction and forward flexion. Y-axis: 
rotation in degrees; x-axis: humeral elevation angle (in degrees) relative to the thorax. ○: control subjects, □: patients with PSSP, ∆: patients 
without PSSP. 
  
 
Figure 6.2: Mean trajectories (black lines) and the individual data (grey dots) of the location of the GH reaction force on the 
glenoid fossa (represented as ovals) during abduction and forward flexion movements, for control subjects and patients with 
and without PSSP. Inferior and posterior refer to the bottom and back side of the glenoid fossa. 
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During an abduction the GH reaction force tended to be lower in control subjects 
compared to both patient groups (group effect: p = 0.09 Figure 6.3). No significant 
differences were found between the two patient groups (Figure 6.3). During forward 
flexion both patient groups showed significantly lower GH reaction forces 
compared to the control subjects (p < 0.05 for both, Figure 6.3). Additionally, a 
significant group*angle interaction was found (p = 0.01) indicating a smaller 
increase in GH reaction force from 50 to 70 degrees of humeral elevation for the 
patients with PSSP (Figure 6.3). 
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Figure 6.3: GH reaction force (in Newton) during abduction and forward flexion plotted 
against humeral elevation angle (in degrees). Abd: abduction, FF: forward flexion. 
 
Table 6.2 shows mean muscle lengths (percentage of the optimal length) of the 
muscles that were significantly different between groups. During abduction, the 
scapular part of the m. deltoideus is elongated in both patient groups compared to 
the control subjects (p < 0.01 for both) while the clavicular part is shortened (PSSP: 
p = 0.07, no PSSP: p = 0.01). The clavicular part of the m. pectoralis is also 
shortened in both patient groups (p ≤ 0.01 for both), while the thoracic part of the 
m. pectoralis and the m. subscapularis are only shortened in the patients without 
PSSP (p = 0.02 and p = 0.03). During forward flexion, patients without PSSP show 
elongation of the m. teres minor compared to both control subjects and patients 
without PSSP (p = 0.05 and p = 0.04), while the m. teres major is shortened in 
patients with PSSP compared to control subjects (p = 0.02). Finally, the m. 
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subscapularis is shortened in patients without PSSP compared to both control 
subjects as well as subjects without PSSP (p = 0.04 and p = 0.03). 
 
Table 6.2: Mean (± SD) muscle lengths (as percentage of the optimal length) of the 
muscles with significant differences between the groups. 
  Means 
Movement Muscle Control PSSP No PSSP 
     
Abduction Deltoid Scapular part 83.3 ± 5.6 91.9 ± 4.3 90.8 ± 4.2 
 Deltoid Clavicular part 108 ± 2.9 102.7 ± 3.0 100.7 ± 3.7
 Subscapularis 89.5 ± 1.5 82.4 ± 3.6 80.4 ± 1.0 
 Pectoralis Thorcal part 113.9 ± 8.0 108.6 ± 7.5 105.0 ± 6.8
 Pectoralis Clavicular 
part 126.7 ± 2.4 117.2 ± 1.6 116.6 ± 1.7
     
Forward Teres Minor 101.4 ± 2.1 101.3 ±2.1 111.2 ± 1.0
flexion Teres Major 96.8 ± 9.5 91.3 ± 10.4 94.2 ± 9.4 
 Subscapularis  79.7 ± 0.4 79.2 ± 2.2 73.1 ± 0.3 
     
 
DISCUSSION 
The goal of this study was to investigate whether GH reaction force and its location 
inside the GH joint as well as muscle lengths of the shoulder muscles differed 
between stroke patients with and without PSSP and control subjects. Using a 
computer model we showed that the reaction force within the GH joint remained 
more centered on the glenoid fossa when comparing stroke patients to control 
subjects but no clear differences were found between patients with and without 
PSSP. It was also shown that the GH reaction force was lower in both patient 
groups when compared to control subjects during forward flexion and that patients 
with PSSP showed a smaller increase in GH reaction forces at higher elevation 
angles. When looking at muscle lengths, only small differences were found.  
The GH joint is stabilized by its surrounding muscles. The stability of the 
joint can be increased by compressing the humeral head into the concave glenoid 
fossa, also known as concavity compression.11 The higher the compressive forces 
provided by muscle contractions, the higher the stability and if the net joint reaction 
force passes through the glenoid fossa the humeral head remains balanced in the 
glenoid (scapulohumeral balance).11 Our model simulation indicated that the GH 
reaction force remains more centered on the fossa as a result of differences in 
shoulder kinematics between stroke patients and control subjects. These alterations 
in movement patterns could counteract the decreased scapulohumeral balance after 
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stroke and thereby possibly avoiding unstable situations and increasing the safety 
margin. 
When taking a closer look at the shoulder kinematics of the groups, 
differences were found in humeral rotations and scapular rotation (Figure 6.1). To 
investigate what the effects were of these altered rotations, we adjusted the humeral 
rotations of the control subjects to match those of the patients with and without 
PSSP and performed extra model simulations. The same was done for scapular 
lateral rotation. In figure 6.4, the effects of the alterations of the humeral rotations 
on the location of the GH reaction force are plotted and it can be seen that during 
both abduction and forward flexion the reaction force remains more centered on the 
glenoid fossa, resembling the patterns seen in the patient population (Figure 6.2). 
Adjusting the scapular rotation hardly affected the location of the GH reaction force 
on the glenoid fossa. These model simulations indicate that stroke patients use a 
different movement strategy to increase the scapulohumeral balance. Whether this 
strategy is voluntary or a result of the affected neuromuscular control or both is 
unclear. Most likely, due to the affected neuromuscular control, patients are not able 
to generate enough force to perform the movement in a similar way as the control 
subjects and by altering the shoulder kinematics they are able to comply with the 
instructions of the experimenter (i.e. following the adjustable semi-circular wooden 
arch). They were not given specific instructions on how to perform the movement 
and therefore, the subjects performed the movements in a way that is most 
comfortable and probably most stable.  
During abduction movements we found normal GH reaction forces but 
during forward flexion we found lower GH reaction forces in stroke patients 
compared to control subjects (Figure 6.3) while we hypothesised that the GH 
reaction force would increase. This could be due to the fact that the model 
simulations were based on a normal neuromuscular control and this is obviously not 
the case in stroke patients.  We hypothesized that due to this affected neuromuscular 
control or affected kinematics, the muscles normally responsible for the abduction 
or forward flexion are not able to generate enough force and the surrounding 
muscles have to help out to make the movement possible. These surrounding 
muscles probably have unfavorable torque components which have to be 
compensated by additional muscle force, which could theoretically lead to higher 
reaction forces. In a study on patients with spinal cord injury using the same model 
as the present study25, the relative contribution of each muscle could be adjusted 
based on their segment innervations and therefore a lesion at a specific level could 
be modeled. From that study it appeared that affected neuromuscular control 
(simulated by a spinal cord lesion) indeed resulted in higher GH reaction forces. If 
this also holds true for stroke patients, the alterations in kinematics leading to lower 
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GH reaction forces could act as a compensating mechanism for this possible 
increase in GH reaction force. Since we did not simulate an affected neuromuscular 
control, this possible increase in GH reaction force remains speculative.   
As the kinematics of the patients’ shoulders are different compared to the 
control subjects 9, 10, differences in calculated muscle lengths were expected. We 
indeed found significant differences in muscle lengths between the groups (Table 
2), but the question is whether these differences are clinically relevant as they seem 
relatively small (5-10%). However, it could still be that these small length 
differences could lead to unwanted situations in which the strain on the muscle 
becomes too large or impingement or inflammation could occur which could lead to 
damage to the muscle6, 14. Additionally, if muscles are stretched or shortened (i.e. 
they do not operate at their optimum length), they are less efficient. This could 
either lead to more activation of those muscles so that they do provide the necessary 
force or  to a higher activation of other muscles (which do operate at their optimal 
length) to compensate for the loss of force. The latter seems more likely as it is 
often assumed that movements (especially sub maximal movements) are performed 
minimizing energy consumption36, 40. 
 
Study limitations 
Inverse-dynamic models use a cost function to distribute the net moment over the 
muscles responsible for a specific movement. These cost functions are generally 
based on optimizing mechanics, resulting in minimal muscle stress. The cost 
function used in this study however, was based on optimizing energy cost as this 
has proven to be more accurate 39. However, neuromuscular control is affected after 
stroke, so using a general model to make comments on joint reaction forces and 
muscle forces should be done with care. Input kinematics were used to calculate the 
location of joint reaction forces within the joint and muscle lengths, and this was 
done quite reliably13. The calculated joint reaction forces and muscle forces (using 
cost function) on the other hand, are unreliable as it is unknown how much specific 
muscles are affected as a result of the stroke. This affected neuromuscular control 
can be taken into account by determining the relative input of each muscle and 
adjusting the model accordingly. This has to be done for each subject separately as 
it differs between subjects which muscles are affected and at what level (i.e. 
complete or partially paralyzed). A way to asses the relative input of muscles is by 
using electromyographic (EMG) signals, but only after normalizing EMG data. As a 
reference signal (i.e. maximal voluntary contraction) is difficult if not impossible to 
measure in stroke patients so normalizing EMG data of shoulder muscles becomes 
difficult. Additionally, many of the shoulder muscles do not lie beneath the surface 
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of the skin, and therefore needle electrodes should be used to accurately measure 
the EMG signals of all the relevant muscles. This is a very invasive method and 
therefore we did not use EMG signals to adjust the relative contribution of different 
muscles. The model used in this study is based on a single cadaver38 and not on 
individual data but it still provides valuable general insights which are difficult to 
obtain otherwise. 
 
 
CONCLUSION 
Stroke patients use a different movement pattern compared to healthy control 
subjects causing the GH joint reaction force to be centered more on the glenoid 
fossa. This could act as a mechanism counteracting the decreased scapulohumeral 
balance after stroke and can mainly be attributed to the differences in humeral 
rotations (i.e. plane of elevation and axial rotation) and not to differences in 
scapular rotations. No relevant differences were found between patients with and 
without PSSP regarding GH joint reaction force, its location on the glenoid fossa 
and muscle lengths, suggesting that shoulder pain can not be explained by these 
factors. 
 
  
 
Figure 4: Mean trajectories (black lines) and the individual data (grey dots) of the location of the GH reaction force on 
the glenoid fossa (represented as ovals) during abduction and forward flexion movements. Control: unadjusted data, 
Control → PSSP and Control → no PSSP: humeral rotations of control subjects adjusted to mach those of respectively 
patients with and without PSSP. Inferior and posterior refer to the bottom and back side of the glenoid fossa. 
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GENERAL DISCUSSION 
Post Stroke Shoulder Pain (PSSP) has been the subject of many studies, but its 
etiology is still poorly understood. Most studies have focused on the relationship 
between known pathologies and PSSP, but only few focused on the mechanisms 
behind the development of PSSP 1. In this thesis we tried to get more insight into 
these mechanisms by evaluating shoulder proprioception and shoulder kinematics in 
both patients with and without PSSP. Additionally, we used these shoulder 
kinematics as input for a computer model to get more insight in the effects of 
alterations in shoulder kinematics after stroke on the glenohumeral (GH) contact 
force and on the lengths of the shoulder muscles. In the general introduction a 
model of a possible mechanism leading to PSSP was proposed (Figure 1.1 and 1.2) 
and, where applicable, the findings of this thesis are placed in that model (Figure 
7.1). 
 
 
 
Figure 7.1: Placement of the findings of this thesis in the model as proposed in chapter 
1. Numbers refer to chapters. 
 
Shoulder proprioception  
In chapter two, three and five, we investigated two submodalities of proprioception 
of the shoulder: kinesthesia (or movement sense) and position sense. The methods 
used in these chapters were adapted from the literature 2-6, but differences in 
measurement techniques were present (i.e. body orientation: sitting vs lying supine).  
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When comparing our results with data from the literature, the effects of these 
differences have to be known. Therefore, in chapter two, we investigated the effect 
of body orientation (sitting and lying supine) on shoulder proprioception in able 
bodied subjects. The relative orientation of the arm with respect to the body does 
not differ between the two body orientations, but its orientation with respect to 
gravity does. With the arm in 90° abduction, 90° elbow flexion and 0° rotation (i.e. 
hand points forward while sitting and upward while lying supine), gravity promotes 
an internal passive moment during sitting which will decrease when moving into 
internal or external rotation. When lying supine, moving into internal or external 
rotation will increase gravity-induced passive moment in either direction. Therefore 
the moment and its direction exerted on the glenohumeral (GH) joint by the weight 
of the forearm and hand under the influence of gravity is different between the two 
positions. From this study it appeared that when measured at slow speed (in our 
case 0.5 -2.0 deg/sec), body orientation (and thus the different influence of gravity) 
does not affect shoulder proprioception and therefore our results can be compared 
with data from other studies with similar methods, but with the subject lying supine 
rather than sitting. 
The findings in chapter three suggest that shoulder kinesthesia (detection of 
motion) of stroke patients is deteriorated, but shoulder position sense is not. 
However, in that chapter, an insufficient number of subjects could be included to be 
able to make valid remarks about the differences in patients with and without 
shoulder pain. In chapter five, the number of included subjects was sufficiently 
large and it was found that both patients with and without PSSP show a deteriorated 
kinesthesia, but patients with PSSP in addition have a deteriorated position sense 
(Figure 7.1).  
A possible explanation for the deficiencies in shoulder kinesthesia might be 
found in the functioning of the muscle spindles which are held mainly responsible 
for detection of motion and position 7, 8.When a muscle is stretched, type Ia sensory 
fibers of the muscle spindle respond to both the velocity and the degree of stretch, 
and send this information to the spinal cord. Likewise, type II sensory fibers detect 
and send information about the degree of stretch (but not the velocity thereof) to the 
central nervous system (CNS). Gamma motoneurons located in the spinal cord 
stimulate the contractile end portions of intrafusal fibers located in the muscle 
spindles. In this way, the spindle is tightened resulting in an increased sensitivity of 
the muscle spindle to movements. If, due to the hemiparesis as a result of a stroke, 
the gamma motoneuron control does not function properly, the sensitivity of the 
muscle spindles may be affected. If a stroke patient’s muscle is stretched passively, 
there may be a delay in movement detection (offset) and therefore larger errors on 
kinesthesia tests can be expected.  
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The rationale mentioned above could also hold true for position sense tests, as 
muscle spindles are also held responsible for this aspect of proprioception. In stroke 
patients with PSSP we did find affected postion sense, while patients without PSSP 
scored similarly as control subjects on the position sense tests, which could be 
explained by the relative large humeral rotation from start to reference position (ten 
degrees). Before the reference position is reached, the intrafusal fibers of the muscle 
spindles are stretched passively and are thus sensitized. In this way the reference 
position can be detected quite accurately. However, patients with PSSP showed 
larger errors on the position sense tests than control subjects and patients without 
PSSP so it could be that signals sent by pain receptors override and decrease 
proprioception afferents resulting in poor test results 2, 9. Experimentally induced 
muscle pain by means of intramuscular injection of hypertonic saline in the jaw 
muscles of a cat showed a decrease in mean firing rate from the muscle spindles 10. 
If PSSP has similar effects on the muscle spindles of the shoulder muscles, then the 
reduction in proprioception would be a direct effect of PSSP. However, in human 
studies on the ankle and knee, a clear link between pain and a reduction in 
proprioception has not been established 11-13 and if these conclusions can be 
translated to the shoulder, then PSSP itself does not seem to be the cause of a 
deterioration of shoulder proprioception and the relationship found in this thesis 
between PSSP and affected proprioception is not a direct, but an indirect 
relationship. This will be discussed later on in this chapter. 
 
Shoulder kinematics 
In chapter four and five, shoulder kinematics were investigated using an 
electromagnetic tracking device. These experiments showed that shoulder pain was 
related to a disturbed scapular movement pattern (i.e. more scapular lateral 
rotation), especially at low arm elevation angles and during rest (Figure 7.1). This is 
an important finding as stroke patients hold their contralateral arm around this rest 
position most of the time as they tend to hold it close to their body, either 
unsupported or supported by a sling or armrest of a wheelchair. The setup of the 
experiments does not allow for causal relations to be established, so care should be 
taken when interpreting these data.  
As a result of the hemiparesis, the strength of the muscles responsible for 
maintaining scapular position, such as the m. trapezius, m. levator scapulae, m. 
rhomboid minor and major and serratus anterior 14 is diminished which could lead 
to an inability to compensate for the gravitational pull on the scapula. Since the 
scapula articulates with the clavicle (at the acromioclavicular (AC) joint), the 
inability to compensate for the gravitational pull on the scapula could cause a lateral 
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rotation of the scapula with the AC joint acting as a pivot. On the other hand, the 
weight of the arm causes a rotation around the AC joint in the opposite direction, 
but due to the small moment arm (the GH joint lies almost beneath the AC joint) 
this effect is probably not sufficient to counterbalance the lateral rotation. These 
mechanisms could explain the alterations in scapular kinematics as described in this 
thesis, especially during rest which could in turn initiate or worsen pathologies such 
as subluxation, impingement and capsulitis, resulting in PSSP.  
Not all stroke patients develop PSSP whereas patients without PSSP may 
also show altered scapular kinematics. It might be that patients without PSSP have 
more control over their shoulder muscles and are thus better able to compensate for 
the mechanisms that cause PSSP. Another interesting finding which will be 
discussed more in detail later on in this chapter is that the ipsilateral, or 
“unaffected”, shoulder of stroke patients with PSSP (in their contralateral shoulder) 
also shows alterations in scapular kinematics which are in the same order of 
magnitude as those of the contralateral shoulder. None of these patients indicated 
having a painful ipsilateral shoulder despite the alterations in scapular kinematics, 
indicating that the alterations do not necessarily cause shoulder pain. On the other 
hand, the neuromuscular control of the ipsilateral shoulder is much less affected by 
the stroke and therefore this shoulder is probably better able to cope with, and 
compensate for mechanisms leading to PSSP. 
Another explanation for the differences in scapular kinematics between 
patients with and without shoulder pain is that PSSP, whatever the initiating factor, 
causes the alterations in shoulder kinematics which might act as a pain relief 
mechanism. For example, in a normal, healthy shoulder, next to stabilization of the 
shoulder by the rotator cuff, lateral (upward) rotation of the scapula prevents 
impingement by rotating the major tubercle of the humerus away from the coraco-
acromial arch, thus preventing the supraspinatus outlet from being narrowed 1, 15. 
This mechanism could be used by patients suffering from PSSP. 
Another possibility is that an additional factor causes both PSSP and changes 
in kinematics.  Impingement syndrome is often considered as a cause of shoulder 
pain in hemiplegic stroke patients and could also result in changes in kinematics 1, 
16. Adhesive capsulitis (frozen shoulder), is characterized by diminished range of 
shoulder motion (especially exorotation) and shoulder pain 17 and the term is used 
quite generally in relation to PSSP 1. The shoulders of our patients with PSSP show 
similar characteristics but this does not necessarily mean that these patients suffered 
from capsulitis. Vermeulen et al (2002)18 showed that the scapula of patients with 
capsulitis is oriented normally during rest, but during arm elevation, the scapula 
shows larger lateral rotation. It must be noted, however, that the patients used in 
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that study were not stroke patients. These findings indicate that an additional factor 
causing both PSSP and changes in kinematics could exist. 
 
Kinematics and proprioception 
Chapter five deals with the relationship between shoulder proprioception, shoulder 
kinematics and PSSP. We found that both shoulders of patients with PSSP  showed 
more lateral rotation of the scapula and had deteriorated proprioception (Figure 
7.1).  
Proprioception plays an important role in maintaining shoulder position and 
stability 19. Previous studies based on athletes and patients with chronic shoulder 
instabilities have shown that shoulder injuries and instabilities can lead to 
proprioceptive deficits 3, 5, 20-22. It is possible that the shoulder instability as a result 
of stroke-induced paresis can have the same effect in stroke patients. The alterations 
in scapular orientation found in the present study could theoretically lead to deficits 
in proprioceptive feedback due to the partial deafferentation of receptors providing 
proprioceptive information as a result of tissue damage or decreased 
mechanoreceptor stimulation 9. These deficits could contribute to the vicious circle 
of shoulder instability as a result of decreased reflex muscle stabilization which 
could lead to shoulder pain (figure 7.1).  
 
Shoulder model 
In chapter six the kinematics as measured in chapters four and five were used as 
input for an inverse-dynamic shoulder model (Delft Shoulder and Elbow Model, 
DSEM 23, 24) based on the anatomical data of one cadaver (L10) 25, 26. The reaction 
force in the GH joint was constrained to point from the rotation centre inside the 
glenoid cavity, otherwise dislocation of the joint would occur. The cost function 
used to solve the load-sharing problem was based on optimizing energy cost 27.  
The GH joint is stabilized by its surrounding muscles and its stability can be 
increased by compressing the humeral head into the concave glenoid fossa, also 
known as concavity compression 28. The higher the compressive forces provided by 
muscle contractions, the higher the stability and if the net joint reaction force passes 
through the glenoid fossa the humeral head remains balanced in the glenoid 
(scapulohumeral balance).28 Our model simulation indicated that the GH contact 
force remains more centered on the fossa as a result of differences in shoulder 
kinematics between stroke patients and control subjects but it was also shown that 
the GH contact force was lower in both patient groups when compared to control 
subjects during forward flexion and that patients with PSSP showed a smaller 
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increase in GH contact forces at higher elevation angles, possibly decreasing the 
scapulohumeral balance. The alterations in movement patterns could counteract the 
decreased scapulohumeral balance after stroke and thereby possibly avoiding 
unstable situations and increasing the safety margin. 
As the kinematics of the patients’ shoulders are different compared to the 
control subjects 29, 30, differences in calculated muscle lengths were expected. We 
indeed found significant differences in muscle lengths between the groups, but the 
question is whether these differences are clinically relevant as they seem relatively 
small (5-10%). However, it could still be that these small length differences could 
lead to unwanted situations in which the strain on the muscle becomes too large or 
impingement or inflammation could occur which could lead to damage to the 
muscle1, 31. Additionally, if muscles are stretched or shortened (i.e. they do not 
operate at their optimum length), they are less efficient. This could either lead to 
more activation of those muscles so that they do provide the necessary force or 
higher activation other muscles (which do operate at their optimal length) to 
compensate for the loss of force. The latter seems more likely as it is often assumed 
that movements (especially sub-maximal movements) are performed minimizing 
energy consumption23, 32. 
No relevant differences were found between patients with and without PSSP 
regarding GH joint reaction force, its location on the glenoid fossa and muscle 
lengths, suggesting that shoulder pain can not be explained by these factors.  
 
Possible causes of PSSP  
Possible causes of PSSP mentioned in the literature include subluxation of the 
glenohumeral (GH) joint, spasticity of the shoulder girdle muscles, rotator cuff 
tears, adhesive capsulitis (frozen shoulder), trauma, central post stroke pain, lack of 
sensibility, unilateral neglect, impingement syndrome, neuropathic damage or 
entrapment of the upper trunk of the brachial plexus, or complex regional pain 
syndrome (CRPS) 1. Barlak et al 33 showed a significant relationship between 
adhesive capsulitis and shoulder pain in 114 patients with PSSP. Of these 114 
patients, 49 patients had adhesive capsulitis, so other factors causing PSSP had to 
be present as well in that population. They also found a significant relationship 
between CRPS and PSSP, but not between PSSP and other possible causes such as 
subluxation of the GH joint, impingement syndrome, spasticity and thalamic pain.  
The fact that many possible causes for PSSP have been suggested and not 
one of them has been clearly shown as the cause suggests that there are probably 
several mechanisms through which PSSP develops in stroke patients. The results 
from this thesis do not point to one specific cause, but we did find that deteriorated 
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shoulder mobility and proprioception potentially play an important role. The setup 
of the studies in this thesis did not allow for causality to be established so more 
research in this direction is necessary. This will be discussed later on in this chapter. 
 
Bilateral effects 
Overall we found differences in kinematics and proprioception of both shoulders of 
stroke patients compared to control subjects. This suggests that the conventional 
method of referral to a specific side of the body, i.e. paretic and non-paretic or 
affected and unaffected, is not correct. In this thesis the ‘paretic’ or ‘affected’ side 
was referred to as contralateral and the ‘non-paretic’ or ‘unaffected’ side as 
ipsilateral (both relative to the side of the lesion). Although the conventional 
terminology is less confusing, it can be misleading as it suggests that one side of the 
body is not affected by the stroke and can therefore be used as a reference for the 
affected side. In the literature the latter is often done and although it provides 
valuable information about the differences between both sides, overall effects of a 
stroke (which affect both sides of the body) can be overlooked. 
The finding that both sides of the body are affected after stroke is not new. It 
has been shown that in the acute phase after a cerebral infarction, the edema spreads 
throughout the brain and affects the contralateral hemisphere 34. However, the 
effects of this phenomenon on the contralateral hemisphere are more or less random 
(i.e. not directed at a specific part of that hemisphere) and do not explain our 
findings that both sides of the body are affected similarly. Additionally, both 
hemispheres are involved in the control of both sides of the body by corticospinal 
neural pathways that do not cross over at the level of the brainstem 35-37 and 
interhemispheric connections, i.e. at the level of the ventral premotor cortex (PMv) 
and the supplementary motor area (SMA) which play an important role in bimanual 
coordination, movement preparation and execution38. Also, the brain regions 
responsible for integrative sensorimotor processing are located in the contralateral 
primary motor and sensory cortices, in the premotor cortical regions (such as the 
bilateral rolandic operculum and contralateral SMA), and in the subcortical regions 
(such as the ipsilateral cerebellum and contralateral putamen) 39-44.  
The concept of crowding could also explain our findings 45-48.  Due to a 
lesion-induced reorganization of brain functions, the ‘unaffected’ hemisphere takes 
over functions from the ‘affected’ side 45, which could come at the expense of the 
functions carried out by that specific area of the brain and thus affecting those 
functions.  
Due to the (partial) paralysis of the contralateral side of the body the 
ipsilateral side is used more which could lead to differences in the movement 
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patterns of that side of the body. However, this does not account for the finding that 
the alterations in movement patterns and proprioceptive deficits of contralateral and 
ipsilateral side show striking similarities. Therefore, the above mentioned 
involvement of both hemispheres in the planning and execution of movements 
seems to be the most likely explanation for the causes of the bilateral effects found 
in this thesis.  
An interesting implication of the finding that the ipsilateral side is also 
affected after stroke is that measurements on the ipsilateral side could be used as an 
indicator for the development of PSSP on the contralateral side. For stroke patients, 
measurements on the ipsilateral shoulder are easier, faster and more comfortable 
than measurements on the contralateral shoulder. If shoulder kinematics and 
proprioception are both affected on the ipsilateral side, this could reflect the 
vulnerability of the contralateral shoulder for developing PSSP during the early 
stages of rehabilitation but more research is needed in this direction. 
 
Methodological considerations 
In able-bodied subjects, the method of measuring shoulder proprioception is 
generally accepted  2-6, but it has to be noted that measuring proprioception of stroke 
patients’ shoulders can be quite a challenge. Motor, cognitive and communicative 
impairments could all influence the test outcome. We have tried to minimize these 
influences by only including subjects with sufficient cognitive and communicative 
capabilities and by letting the experimenter push the stop button at the desired 
moment rather than letting the subject do this. The subjects had to indicate either 
verbally or by signaling (nodding their head, moving the hand not being tested) 
when the experimenter had to push the stop button and only when the experimenter 
was convinced that the subject understood the instructions and was able to comply, 
the data were included. Since we only included subjects with sufficient cognitive, 
communicative and physical capabilities, we have undoubtedly introduced a 
selection bias and due to communication difficulties, the test results could have 
been influenced. Despite all this, we believe we can justify our choices as the data 
still give valuable information on the proprioception of a large selection of stroke 
patients. 
It is commonly known that reaction time increases as a result of stroke. It has 
been shown that stroke causes an increase in decision making speed and that this 
effect is most evident for patients with a right hemispheric stroke 49. However, the 
increase in reaction time found in that study, up to 200 ms depending on the 
difficulty of the task, can not explain the differences found in these studies. We 
measured at a movement speed of 0.5 °/s so an increase of 200 ms in reaction time 
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would result in an error of 0.1°. The differences we found ranged from 
approximately 2 to 7 degrees so therefore other mechanisms (i.e. affected 
proprioception) have to be present to explain the differences found. Additionally, an 
extra delay was introduced as the experimenter pressed the button rather than the 
subjects but as only one experimenter conducted the proprioception tests, this delay 
is comparable for all subjects.  
The shoulder model used in this thesis (chapter six) is based on a non-paretic 
shoulder, so using this model to make comments on the muscle forces and joint 
reaction forces of the shoulder of stroke patients should be done with care. Muscle 
force and GH contact force which can be predicted using the model are likely to 
differ from the actual forces as the control of the shoulder muscles of stroke patients 
differs from that assumed by the model. Hower, in a study based on subjects with 
spinal cord injury, Van Drongelen et al (2006)50 have shown that the effect of 
modifying the model to simulate different lesion levels only had minor effects on 
the GH contact force (7%) while the effect of different input kinematics was much 
higher (56%).  Therefore, the model can still provide useful information about 
muscle lengths and GH reaction force of the shoulders of stroke patients. 
 
Future directions 
Future studies investigating the causal relationship between proprioception, 
shoulder kinematics and the development of PSSP should incorporate a longitudinal 
design to make valid comments about the development of PSSP and the possible 
role of shoulder kinematics and proprioception in this development. The first 
measurement should be taken as soon as possible after the stroke and patients 
should be followed over the course of at least two years. This study is currently 
being undertaken. 
Intervention studies can also provide valuable information and should be 
aimed at improving shoulder kinematics and shoulder proprioception. As data from 
this thesis suggest that deteriorated shoulder kinematics are related to shoulder pain, 
attention should be paid to improving shoulder mobility. Dundar et al 51 showed 
that continuous passive motion (CPM) can provide good pain control in patients 
with adhesive capsulitis. CPM is a treatment method designed to aid in the recovery 
of joints carried out by a CPM device, which constantly moves the joint through a 
controlled range of motion (ROM), which is in most cases increased over time and 
robot-assisted therapy can potentially be used to achieve these goals 52. With forced-
use therapy patients are forced to use the contralateral (i.e. paretic) arm, while the 
ipsilateral (i.e. non-paretic) arm is immobilized 53 and this method could also be 
used to improve shoulder mobility.  We have also shown a relationship between 
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affected proprioception and shoulder pain so interventions could also be aimed at 
improving proprioception. There is still some controversy however whether this is 
actually possible, or that these interventions train motor performance rather than 
proprioception 54. 
Additionally, more research could be done on the possibility of using 
measurements of the ipsilateral shoulder as an indicator for the development of 
PSSP on the contralateral side. Measuring the kinematics and proprioception of the 
ipsilateral arm is less invasive for the patients and it can provide information of the 
status of the contralateral side, even if due to practical limitations this side is 
difficult to measure. 
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SUMMARY 
Shoulder pain after stroke. 
The occurrence of shoulder pain after stroke is quite common in hemiplegia with an 
estimated incidence between 16% and 84%. This so-called Post Stroke Shoulder 
Pain, or PSSP can impede rehabilitation and interfere with both function and quality 
of life. It may not only interfere with shoulder function, but also with balance, 
walking, transfers and performance of self-care activities. 
PSSP is a general term that is used in relation to the occurrence of shoulder 
pain after stroke and it could be caused by known afflictions such as adhesive 
capsulitis, impingement due to rotator cuff tears and subluxation of the 
glenohumeral joint. What exactly causes PSSP is as yet unclear. Most likely, PSSP 
is caused by damage to the structures around the glenohumeral joint due to a 
muscular imbalance (rotator cuff tears, spasticity, and paralysis), a disturbance in 
positioning of the GH joint (impingement, or upward migration of the humeral 
head, or inferior subluxation) or damages due to a disturbed sensibility, possibly 
related to unilateral neglect. Damage to the upper trunk of the brachial plexus has 
also been cited as a possible cause of pain and subluxation in the hemiplegic 
shoulder. Downward subluxation may produce traction on the axillary nerve as it 
winds round the surgical neck of the humeral shaft. Also entrapment of the 
suprascapular nerve could cause shoulder pain, but some reports contradict this 
finding. Some authors have described shoulder pain after stroke as a special form of 
Reflex Sympathetic Dystrophy (RSD), possibly caused by subluxation of the 
glenohumeral joint but also other precipitating factors, including immobilization of 
the upper extremity, trauma to the joint structures, rotator cuff tears and spasticity 
of the shoulder musculature have been mentioned as a possible cause. 
This thesis was an attempt to get a better grip on the causes of PSSP by 
focusing on the relationship between stroke and shoulder kinematics and shoulder 
musculoskeletal proprioception. Starting from the assumption that stroke will lead 
to a disturbed motion pattern in the upper extremity, it was attempted to quantify 
the magnitude of this disturbance relate it to the existence (and on the longer term 
the development) of PSSP. Additionally, the disturbed motion pattern will probably 
lead to length changes of the shoulder muscles. Therefore muscles lengths during 
rest and shoulder movements are quantified and related to known muscle-related 
causes of shoulder pain.  
Disturbances in shoulder kinematics are only one (assumed) aspect, or better, 
effect, of stroke. Since the musculoskeletal balance in the shoulder is essentially 
maintained by fine-tuned muscle function, deviations in shoulder kinematics may 
be caused by the effects of stroke on the level of the motor function of muscles 
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(paralysis, spasticity), but also by disturbances in the tuning of these muscles due to 
the de-organization of control. To quantify one aspect of the likely occurring de-
organization, this thesis also includes experimental studies related to the 
proprioceptive status of the arm after stroke. 
 
In Chapter 2 the method used to measure proprioception in the experiments 
included in this thesis was validated. To this end, it was investigated whether 
passive and active reproduction of joint position, as well as detection of passive 
motion (as measures of a subject’s proprioception) of the shoulder differs while 
sitting compared to lying supine.  
Shoulder proprioception of twenty-eight healthy subjects (age: 22.2 ± 1.7 
years, 15 males) was tested. To test proprioception, angular motion (in degrees) for 
Threshold to Detection of Passive Motion (TDPM) and absolute matching error (in 
degrees) for Passive and Active Reproduction of Joint Position (PRJP and ARJP) 
were measured using an Isokinetic dynamometer. As a measure of consistency, the 
standard deviation per subject and test (TDPM, PRJP and ARJP) was measured 
over three trials.  
It was found that body orientation had no effect on TDPM, PRJP and ARJP 
scores. Significantly larger errors were found during ARJP compared to PRJP and 
subjects were also significantly less accurate during ARJP.  
It was concluded that body orientation does not significantly influence 
proprioceptive errors or consistency while movement mode (active or passive) does. 
The significance of these findings is that, depending on the situation or the patient’s 
ability, proprioception tests can be conducted while either lying or sitting, but 
movement modes can not interchangeably be used. 
 
A possible disturbance of shoulder proprioception after stroke could influence the 
stability of the shoulder and thus the rehabilitation process. In chapter 3 shoulder 
proprioception of both shoulders of stroke patients was compared to that of healthy 
control subjects. The goal of this study was to investigate whether the 
proprioception of both shoulders is affected after stroke. 
Angular displacement (in degrees) for threshold to detection of passive 
motion (TDPM) tests and absolute error (in degrees) for passive reproduction of 
joint position tests of a total of 22 inpatients with stroke and 10 healthy control 
subjects was measured. 
It was found that the TDPM for internal and external rotation was 
significantly higher for both the patient’s contralateral (paretic) side and their 
ipsilateral (nonparetic) side as compared with the control group. Also, for internal 
rotation, TDPM was significantly higher on the patient’s contralateral side 
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compared with the ipsilateral side. For passive reproduction of joint position tests, 
no differences were found so it was concluded that both the contralateral and 
ipsilateral shoulder of stroke patients showed impaired threshold to detection of 
passive motion while passive reproduction of joint position does not seem to be 
affected as a result of a stroke. 
 
Disturbed shoulder kinematics influence shoulder (in-)stability. Shoulder pain could 
be related to a disturbed scapular and humeral resting pose and/or a deviating 
contribution of the scapula or humerus to the movements of the shoulder. The goal 
of the study described in chapter 4, was to identify a possible relationship between 
PSSP, shoulder-resting pose (i.e. position and orientation) and shoulder motion.  
Shoulder kinematics of 27 stroke patients (17 male) were compared to 10 
healthy age matched control subjects. Using an electromagnetic tracking device, the 
kinematics of both the contralateral and ipsilateral (i.e. paretic and non- paretic) arm 
during active and passive abduction and forward flexion were measured and 
expressed in Euler angles.  
Scapular lateral rotation relative to the thorax was increased in patients with 
PSSP compared to both patients without PSSP and control subjects in rest as well as 
during arm abduction and forward flexion. Additionally, glenohumeral elevation 
was decreased in patients with PSSP during passive abduction. No differences were 
found regarding scapula position (displacement relative to the thorax). Therefore it 
was concluded that in patients with PSSP a particular kinematical shoulder pattern 
was established, characterized by enhanced scapular lateral rotation and diminished 
glenohumeral mobility.  
 
In chapter 5 a possible relation among disturbed proprioception, altered kinematics 
and shoulder pain after stroke was discussed. If both the shoulder kinematics and 
shoulder proprioception are affected after stroke, chronic shoulder pain, whatever 
the initiating factor, may eventually be the consequence of a vicious circle of 
repetitive soft tissue damage.  
A total of 21 inpatients with stroke and 10 healthy control subjects were 
included and the orientations of both the contralateral and ipsilateral (i.e. paretic and 
non- paretic) shoulders during rest in degrees, as well as angular displacement 
(degrees) for threshold to detection of passive motion (TDPM) tests and absolute 
error (degrees) for passive reproduction of joint position (PRJP) tests were 
measured. 
The contralateral shoulder of patients with PSSP showed more scapular 
lateral rotation and larger TDPM and PRJP scores compared to both patients 
without PSSP and control subjects. Additionally, the contralateral shoulder of 
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patients with deteriorated proprioception showed more scapular lateral rotation 
compared to control subjects whereas their ipsilateral shoulder showed more 
scapular lateral rotation when compared to both control subjects and patients with 
good proprioception.  
A clear relation between affected shoulder kinematics, affected 
proprioception and PSSP was found. In determining the risk of developing PSSP, 
attention should be paid to a patients shoulder proprioception and kinematics. If 
both are altered after stroke, this could worsen the initial pathology or cause 
secondary pathologies and thus initiate a vicious circle of repetitive soft tissue 
damage leading to chronic PSSP. Additionally, more attention should be paid to the 
ipsilateral (i.e. non-paretic) shoulder since it could be used in determining the risk 
of developing PSSP in the contralateral (i.e. paretic) shoulder.  
 
Alterations in shoulder kinematics inevitably lead to length changes in the muscles 
surrounding the shoulder. Different shoulder muscles have been mentioned in 
literature in combination with shoulder pain and the goal of chapter 6 was to 
investigate whether during arm elevation the glenohumeral (GH) reaction force and 
its location inside the GH joint as well as muscle lengths of the shoulder muscles 
differed between stroke patients with and without post stroke shoulder pain (PSSP) 
and control subjects. 
A biomechanical model of the shoulder was used to calculate the GH 
reaction force, its location within the GH joint and muscle lengths of patients with 
and without PSSP and control subjects. Inputs to the model were the position of the 
Incisura Jugularis (IJ) and the rotations of the thorax, clavicle, scapula, humerus and 
forearm obtained with an electromagnetic tracking device during active arm 
abduction and forward flexion. 
It was found that the reaction force within the GH joint remained more 
centered on the glenoid fossa when comparing stroke patients to control subjects but 
no clear differences were found between patients with and without PSSP. The mean 
GH reaction force was lower in both patient groups when compared to controls 
during forward flexion. Patients with PSSP showed a smaller increase in GH 
reaction forces at higher elevation angles. When looking at muscle lengths, only 
small differences were found (5-10 %). 
In general we can conclude that stroke patients use a different movement 
pattern compared to healthy control subjects, apparently causing the GH joint 
reaction force to be centered more on the glenoid fossa. This could act as a 
mechanism counteracting the decreased scapulohumeral balance after stroke and 
can mainly be attributed to the differences in humeral rotations (i.e. plane of 
elevation and axial rotation) and not to differences in scapular rotations. No relevant 
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differences were found between patients with and without PSSP regarding GH joint 
reaction force, its location on the glenoid fossa and muscle lengths, suggesting that 
shoulder pain can not be explained by these factors.  
 
Finally, in chapter 7, the main results of this thesis were summarized and 
implications for future research and practice were discussed. Future studies 
investigating the causal relationship between proprioception, shoulder kinematics 
and the development of PSSP should incorporate a longitudinal design to make 
valid comments about the development of PSSP and the possible role of shoulder 
kinematics and proprioception in this development. The first measurement should 
be taken as soon as possible after the stroke and patients should be followed over 
the course of at least two years. 
Intervention studies can also provide valuable information and should be 
aimed at improving shoulder kinematics and shoulder proprioception. As data from 
this thesis suggest that deteriorated shoulder kinematics are related to shoulder pain, 
attention should be paid to improving shoulder mobility. Dundar et al showed that 
continuous passive motion (CPM) can provide good pain control in patients with 
adhesive capsulitis. CPM is a treatment method designed to aid in the recovery of 
joints carried out by a CPM device, which constantly moves the joint through a 
controlled range of motion (ROM), which is in most cases increased over time and 
robot-assisted therapy can potentially be used to achieve these goals. With forced-
use therapy patients are forced to use the contralateral (i.e. paretic) arm, while the 
ipsilateral (i.e. non-paretic) arm is immobilized and this method could also be used 
to improve shoulder mobility.  We have also shown a relationship between affected 
proprioception and shoulder pain so interventions could also be aimed at improving 
proprioception. There is still some controversy however whether this is actually 
possible, or that these interventions train motor performance rather than 
proprioception. 
Additionally, more research could be done on the possibility of using 
measurements of the ipsilateral shoulder as an indicator for the development of 
PSSP on the contralateral side. Measuring the kinematics and proprioception of the 
ipsilateral arm is less invasive for the patients and it can provide information of the 
status of the contralateral side, even if due to practical limitations this side is 
difficult to measure. 
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Schouder pijn na een beroerte. 
Schouderpijn na een beroerte is een veelvoorkomend bijverschijnsel bij patiënten 
met een hemiplegie (halfzijdige verlamming) en het voorkomen ervan wordt 
geschat tussen de 16% en 84%. Deze schouderpijn, ook wel Post Stroke Shoulder 
Pain (PSSP) genoemd, kan revalidatie belemmeren en kan zowel de kwaliteit van 
leven en het dagelijks functioneren negatief beïnvloeden. Het kan niet alleen de 
schouderfunctie beperken, maar ook effect hebben op balans, voortbewegen, 
transfers en persoonlijke verzorging.  
PSSP is een algemene term om schouderpijn aan te duiden en de oorzaak 
wordt vaak gezocht bij verschillende aandoeningen zoals adhesive capsulitis, 
impingement, schade aan de rotator cuff, Complex Regionaal Pijnsyndroom, 
spasticiteit of subluxatie, maar ook door immobilisatie of trauma. Wat de precieze 
oorzaak is, is tot op heden onduidelijk. Mogelijk is PSSP het gevolg van schade aan 
de structuren rond het glenohumerale (GH) gewricht als gevolg van een disbalans in 
de omliggende spieren, veroorzaakt door bijvoorbeeld spasticiteit, verlamming of 
schade aan de rotator cuff. Ook zou PSSP het gevolg kunnen zijn van verstoringen 
in het GH gewricht (impingement, opwaartse verplaatsing van de humeruskop, 
subluxatie) of het gevolg van een verstoorde sensoriek (schade aan plexus 
brachialis, nervus axillaris of nervus subscapularis), die mogelijk gerelateerd is aan 
neglect.  
Het doel van dit proefschrift was het verkrijgen van een beter inzicht in de 
mechanismen die kunnen leiden tot PSSP. Hierbij lag de focus op de relatie tussen 
PSSP, schouder kinematica (bewegingspatroon) en schouder propriocepsis 
(waarnemen van beweging en positie). Uitgaande van de veronderstelling dat een 
beroerte leidt tot een verstoorde kinematica van de bovenste extremiteit is getracht 
deze verstoring te kwantificeren en te relateren aan het al of niet voorkomen van 
PSSP. Propriocepsis speelt een belangrijke rol in de controle over de spieren die 
zorgen voor de stabiliteit van het schoudergewricht. Als deze propriocepsis 
verstoord is na een beroerte kan de spierbalans verstoord raken wat zou kunnen 
leiden tot schouderpijn.  
 
In hoofdstuk 2 is de methode gevalideerd die gebruikt is in dit proefschrift om 
propriocepsis te meten. Deze wijkt namelijk af van de meest gangbare methode 
gebruikt in de literatuur wat betreft de lichaamshouding van de proefpersonen. Er is 
onderzocht of passieve en actieve reproductie van gewrichtspositie en het 
waarnemen van passieve beweging van de schouder (allen als maat voor 
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propriocepsis) verschilt wanneer de proefpersoon rechtop zit of op zijn of haar rug 
ligt.  
Als maat voor propriocepsis is bij 28 gezonde proefpersonen naast de 
waarnemingsdrempel van passieve beweging (in graden) de fout in passieve en 
actieve reproductie van gewrichtspositie gemeten (in graden) met behulp van een 
isokinetische dynamometer. Als een maat voor consistentie is de standaarddeviatie 
per persoon en test bepaald over 3 pogingen. 
Er zijn geen verschillen gevonden in de test scores tussen de 2 verschillende 
lichaamshoudingen. Significant hogere fouten werden wel gevonden tijdens actieve 
reproductie van gewrichtspositie wanneer deze vergeleken werd met passieve 
reproductie (ongeacht in welke lichaamshouding) en proefpersonen waren ook 
minder consistent tijdens de actieve reproductie. 
Er is geconcludeerd dat lichaamsoriëntatie (zitten of liggen) geen effect heeft 
op proprioceptieve tests, terwijl bewegingsmodus (actief of passief) dit wel heeft. 
De betekenis van deze bevindingen is dat, afhankelijk van de situatie of het 
vermogen van de patiënt, propriocepsis zowel zittend als liggend gemeten kan 
worden, maar dat wel rekening gehouden moet worden met bewegingsmodus.  
 
Een mogelijke verstoring in schouderpropriocepsis na een beroerte zou de stabiliteit 
van de schouder kunnen beïnvloeden en dit zou weer nadelig kunnen zijn voor het 
revalidatieproces. In hoofdstuk 3 is de propriocepsis van beide schouders van 
patiënten met een beroerte vergeleken met die van gezonde controle proefpersonen 
en het doel van deze studie was om te achterhalen of de schouderpropriocepsis 
verschilt tussen de groepen. 
De waarnemingsdrempel van passieve beweging (in graden) en de fout 
passieve reproductie van gewrichtspositie (in graden) is gemeten bij 22 patiënten 
met een beroerte en 10 gezonde controle proefpersonen.  
Het is gebleken dat de waarnemingsdrempel van passieve beweging (zowel 
bij interne als externe rotatie van de bovenarm) hoger was voor zowel de 
contralaterale (‘aangedane’) als de ipsilaterale (‘niet aangedane’) schouder van de 
patiëntengroep wanneer deze vergeleken werd met de controle groep. Tevens was 
binnen de patiëntengroep de waarnemingsdrempel van de contralaterale zijde hoger 
dan de ipsilaterale zijde, maar dit gold alleen bij het waarnemen van interne rotatie. 
Er werden geen verschillen gevonden in de fout in passieve reproductie van 
gewrichtspositie tussen de groepen. 
 
Schouderpijn kan gerelateerd zijn aan een afwijking in de bijdrage van het 
schouderblad en/of de bovenarm tijdens rust of tijdens bewegen als gevolg van een 
beroerte en dit kan de schouder (in)stabiliteit beïnvloeden. Het doel van de studie 
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die beschreven is in hoofdstuk 4 was het identificeren van een mogelijke relatie 
tussen PSSP en schouder kinematica. 
Om dit doel te bereiken is de schouder kinematica van 27 patiënten met een 
beroerte (waarvan 13 met PSSP) vergeleken met die van 10 gezonde controle 
proefpersonen. Met behulp van een elektromagnetisch bewegingsregistratiesysteem 
is de schouder kinematica van beide schouders gemeten tijdens passieve en actieve 
abductie en anteflexie, uitgedrukt in euler hoeken. 
De laterale rotatie van het schouderblad is toegenomen bij patiënten met 
PSSP wanneer deze vergeleken wordt met patiënten zonder PSSP en de 
controlegroep. Dit geld zowel tijdens rust als tijdens abductie en anteflexie. Tevens 
is bij patiënten met PSSP de glenohumerale elevatie afgenomen tijdens passieve 
abductie. Hieruit kan geconcludeerd worden dat patiënten met PSSP een specifiek 
kinematisch patroon laten zien, gekarakteriseerd door toegenomen scapulaire rotatie 
en verminderde glenohumerale mobiliteit.  
In hoofdstuk 5 is de mogelijke relatie tussen verstoorde propriocepsis, 
veranderde kinematica en schouderpijn na een beroerte onderzocht. Als zowel 
kinematica als propriocepsis van de schouder is aangedaan na een beroerte, dan zou 
schouderpijn een gevolg kunnen zijn van een vicieuze cirkel van herhaaldelijke 
schade aan weke delen (bv spieren, pezen, zenuwen of kapsels). 
De oriëntatie van beide schouders tijdens rust van 21 patiënten met een 
beroerte en 10 controle proefpersonen is gemeten. Tevens is de 
waarnemingsdrempel van passieve beweging (in graden) en de fout passieve 
reproductie van gewrichtspositie (in graden) als maat voor propriocepsis gemeten. 
De contralaterale schouder van patiënten met PSSP liet een verhoogde 
laterale rotatie tijdens rust zien, vergeleken met patiënten zonde PSSP en controle 
proefpersonen. Tevens werd een hogere waarnemingsdrempel en een grotere 
reproductiefout gemeten bij patiënten met PSSP. Tevens vertoonde de contralaterale 
schouder van patiënten met een aangedane propriocepsis meer laterale rotatie 
wanneer vergeleken met controle proefpersonen terwijl hun ipsilaterale schouder 
meer laterale rotatie vertoonde wanneer vergeleken met patiënten met goede 
schouderpropriocepsis en controle proefpersonen.  
Een duidelijke relatie tussen aangedane schouderkinematica, aangedane 
propriocepsis en PSSP is gevonden. Wanneer het risico voor het ontwikkelen van 
schouderpijn vastgesteld wordt, moet aandacht geschonken worden aan 
schouderkinematica en propriocepsis. Wanneer beide zijn aangedaan kan dit leiden 
tot een vicieuze cirkel van herhaaldelijke schade die uiteindelijk kan leiden tot 
chronische schouderpijn. Tevens moet er aandacht geschonken worden aan de 
ipsilaterale schouder aangezien deze gebruikt kan worden bij het bepalen van het 
risico van ontwikkelen van PSSP aan de contralaterale schouder. 
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Veranderingen in schouderkinematica leiden onvermijdelijk tot lengteveranderingen 
in de spieren rondom de schouder. Verschillende spieren zijn genoemd in de 
literatuur in relatie tot PSSP en het doel van hoofdstuk 6 was om te bepalen of 
tijdens arm elevatie de spierlengtes van de schouderspieren verschillen tussen 
patiënten met en zonder PSSP en controle proefpersonen. Tevens is de grootte en de 
locatie van de reactiekracht binnen het GH gewricht onderzocht aangezien deze 
afhankelijk is van de spierlengtes. 
Een biomechanisch schoudermodel is gebruikt om de spierlengtes en de 
locatie van de reactiekracht binnen het GH gewricht te bepalen bij patiënten met en 
zonder PSSP en controle proefpersonen. Als modelinput zijn de positie van de 
Incisura Jugularis en de rotaties van de thorax, clavicula, scapula, humerus en 
onderarm gebruikt, welke verkregen zijn met een elektromagnetisch 
bewegingsregistratiesysteem tijdens abductie en anteflexie.  
De reactiekracht binnen het GH gewricht bleef meer gecentreerd op het  
glenoid bij patiënten wanneer deze vergeleken werden met controle proefpersonen, 
maar geen verschillen werden gevonden tussen patiënten met en zonder PSSP. De 
gemiddelde reactiekracht tijdens anteflexie was lager bij patiënten en tevens lieten 
patiënten met PSSP een kleinere toename in GH reactiekracht zien bij hogere 
elevatiehoeken, beide vergeleken met controle proefpersonen. Geen grote 
verschillen werden gevonden tussen de groepen wanneer gekeken werd naar de 
spierlengtes.  
Er kan geconcludeerd worden dat patiënten een ander bewegingspatroon 
hanteren dan controle proefpersonen wat resulteert in een meer gecentreerde GH 
reactiekracht op het glenoid. Dit mechanisme zou de verminderde scapulo-humerale 
balans na een beroerte kunnen compenseren en het kan voornamelijk worden 
toegeschreven aan veranderingen in humerale rotaties (m.n. het vlak van elevatie en 
axiale rotatie), maar niet aan verschillen in scapulaire rotaties. Geen verschillen 
werden gevonden tussen patiënten met en zonder PSSP wat betreft GH 
reactiekracht, de locatie ervan op het glenoid en spierlengtes wat suggereert dat 
deze factoren niet het ontstaan van schouderpijn verklaren. 
 
In hoofdstuk 7 zijn de resultaten van dit proefschrift samengevat en bediscussieerd. 
Toekomstige studies naar het eventuele causale verband tussen aangetaste 
propriocepsis, veranderde schouderkinematica en schouderpijn zullen longitudinaal 
uitgevoerd moeten worden. De eerste meting zal zo spoedig mogelijk (binnen 2 
weken) na de beroerte uitgevoerd moeten worden en de patiënten zullen over de 
loop van 2 jaar gevolgd moeten worden.  
Aangezien de resultaten van dit proefschrift suggereren dat aangetaste 
kinematica en propriocepsis gerelateerd zijn aan schouderpijn kunnen 
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interventiestudies gericht op het verbeteren van beide aspecten waardevolle 
inzichten geven in hun eventuele rol bij de ontwikkeling van schouderpijn. Uit de 
literatuur blijkt dat continue passieve beweging (CPB) een goede manier is om pijn 
te verminderen bij patiënten met adhesieve capuslitus. CPB is een behandeling die 
gericht is op het verbeteren van de soepelheid van spieren en gewrichten en die het 
bewegingsbereik van gewrichten kan vergroten. Computergestuurde apparaten 
kunnen hier mogelijk een belangrijke rol in spelen. Ook zou de zogenaamde forced-
use therapie ditzelfde effect kunnen hebben. Bij deze therapie wordt de patiënt 
gedwongen de contralaterale (‘aangedane’) arm zo veel mogelijk te gebruiken 
terwijl de ipsilaterale (‘niet aangedane’) arm geïmmobiliseerd wordt. Interventies 
gericht op het verbeteren van propriocepsis zouden ook kunnen helpen, maar er 
bestaat in de literatuur nog onenigheid over het feit of daadwerkelijk alleen de 
propriocepsis kan worden getraind. 
 
Aanvullend onderzoek in nodig naar de mogelijkheid om metingen aan de 
ipsilaterale zijde te gebruiken als indicator voor het ontstaan van schouderpijn aan 
de contralaterale zijde. Metingen aan de ipsilaterale zijde zijn minder ingrijpend en 
comfortabeler voor de patiënt en vaker makkelijker uit te voeren dan metingen aan 
de contralaterale zijde. Ze kunnen belangrijke informatie verschaffen indien 
metingen aan de contralaterale zijde vanwege praktische redenen moeilijk 
uitvoerbaar zijn. 
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You can eat an elephant… 
 
Het laatste hoofdstuk van dit proefschrift en waarschijnlijk het meest gelezen deel. 
Ook een erg lastig deel, want in tegenstelling tot de rest van dit werk is dit niet een 
logische opsomming van feiten en statistiek. Altijd lastig voor een wetenschapper. 
Aangezien heel veel mensen direct en indirect hebben bijgedragen aan het tot stand 
komen van dit proefschrift ga ik ongetwijfeld mensen vergeten. Dus daarom wil ik 
beginnen met het bedanken van die mensen, heb ik me daarvoor mooi ingedekt. 
Maar zo makkelijk kom ik er natuurlijk niet bij iedereen van af…  
Thomas, DirkJan en Jaap. Jullie vormden mijn begeleidertrio. Thomas, jij 
was zowel op het de VU als op het RCA de  persoon bij wie ik terecht kon voor alle 
problemen waar ik tegenaan liep. En zoals bij vrijwel ieder AIO-project waren die 
problemen ook bij mijn project aanwezig. Je ging hier altijd goed mee om en zette 
mijn neus weer in de goede richting. Voor veel situaties had je een 
wandtegelwaardige uitspraak klaar en een van je gevleugelde uitspraken was: ‘You 
can eat an elephant….one bite at a time’ en hier heb ik vaak aan moeten denken als 
dingen weer eens tegenzaten.  
DirkJan, voor alle schouder gerelateerde vragen (en dat waren er best wat) 
moest ik bij jou zijn. Als ik in een of andere gedachtekronkel vast zat, kon jij mij 
daar snel uit halen door vooral niet om de feiten heen te draaien. Alhoewel dit soms 
best confronterend kon zijn, vond ik het toch een prettige manier van samenwerken: 
gewoon zeggen zoals het is en verder geen gedoe…  
Jaap, jij was wat minder direct betrokken bij mijn begeleiding, maar ik kon 
altijd bij je aankloppen. Zeker rond ‘statistiektijd’ wist ik jouw deur vaak te vinden, 
maar ook voor problemen waar ik al een tijdje tegenaan zat te hikken kon ik bij jou 
terecht. Deze werden dan door jouw heldere kijk en frisse blik vaak zo opgelost.  
Op het RCA heb ik een groot deel van mijn tijd doorgebracht, met name in 
het Duyvensz-Nagel Onderzoekslaboratorium waar al mijn metingen hebben  
plaatsgevonden. Ik wil het RCA en de Duynsz-Nagel Stichting bedanken dat zij dit 
mogelijk hebben gemaakt. Peter Koppe en Manin Konijnenbelt, jullie zijn vanaf het 
begin betrokken geweest bij mijn project en ik waardeer jullie inbreng, 
commentaar, ideeën en hulp bij het vinden van geschikte proefpersonen. Bij dat 
laatste waren uiteraard ook andere artsen, arts-assistenten en therapeuten betrokken 
en natuurlijk wil ik ook hen bedanken. Sonja, Mariëlle, Annieck, Thomas, Peter, 
Frank en Mireille: jullie vormden naast studenten, vrijwilligers en therapeuten de 
harde kern tijdens mijn tijd in het RCA. Allen bedankt voor de gezelligheid, steun, 
medewerking en gastvrijheid!  
Natuurlijk wil ik ook alle proefpersonen bedanken die mee hebben willen 
werken aan mijn onderzoek. De reden dat jullie in het RCA verbleven was uiteraard 
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geen prettige, maar ondanks de omstandigheden waren jullie toch bereid die 
wetenschapper te helpen. Ik heb erg veel bewondering voor jullie 
doorzettingsvermogen en optimisme, ook al was dat soms moeilijk op te brengen. 
Het heeft mijn kijk op het leven in ieder geval veranderd… 
Collega’s van de Faculteit der Bewegingswetenschappen: wat een leuke 
groep mensen bij elkaar! Zoveel zelfs, dat wanneer ik hier namen ga noemen, ik er 
vast een aantal vergeet, dus dat doe ik dan ook maar niet. Ik kwam ‘van buiten’, 
maar ik voelde mij direct op mijn plek binnen de FBW.  Behalve op 
maandagochtend bij het koffiepunt als de triatlons, marathons, wielerwedstrijden, 
voetbalwedstrijden, basketbalmatches, hardloopprestaties en andere sportieve 
weekendbestedingen werden besproken. Gekke bewegingswetenschappers… Het 
was heel erg leuk om met jullie samen te werken en te ontspannen tijdens de 
‘facultaire koffie’, sportdagen, lijnuitjes, borrels, feesten en kerstvieringen. 
Een speciale groep binnen de FBW is toch wel de AIO’s. Tijdens de jaren 
dat ik heb rondgelopen op de FBW is de samenstelling voortdurend veranderd, 
maar het is altijd een ontzettend leuke groep gebleven. Dit bleek dan ook zeker 
tijdens de AIO-weekendjes (zelfs onder een dreigend tekort aan bier), 
promotiefeestjes, borrels, etentjes, BBQ’s, bier-en-burger-avondjes en congressen.  
Alleen Hemke en Tjeerd wil ik wel bij naam noemen: mijn kamergenoten in 
de oerwoudkamer (en Hemke later ook nog in D-639). Als bioloog voelde ik me 
direct op mijn plek tussen de slingerplanten, varens, cactussen en die twee apen bij 
het raam. Alleen jammer dat die planten ook kakkerlakken aantrokken. Of die 
inderdaad al crashende computers veroorzaakt hebben, zullen we waarschijnlijk 
nooit weten. Ik heb me ook erg vermaakt met jullie aandelenhandel: altijd weer 
feest als jullie order op het beeldscherm verscheen!  
Verder mag ik me gelukkig prijzen met leuke vrienden om mij heen waarbij 
ik altijd steun en ontspanning kan vinden. De ‘Biologen’ (en import uiteraard): we 
kennen elkaar nu ondertussen alweer een jaar of 12. Tegenwoordig zien we elkaar 
niet meer zo vaak omdat we nu een beetje verspreid door het land wonen, maar 
gelukkig zijn er de laatste tijd genoeg bruiloften, housewarmings en babyshowers. 
Hopelijk blijven we elkaar ook tijdens deze nieuwe levensfase nog regelmatig zien! 
Roald en Paul, jullie verdienen toch wel een speciale vermelding. Niet alleen 
omdat jullie mijn paranimfen zijn, maar ook 2 van mijn beste vrienden bij wie ik 
altijd terecht kan: super! 
Michel en Jan-Willem, jullie ken ik al sinds de middelbare school en ik vind 
het erg mooi dat we nog steeds zulke goeie vrienden zijn! Als we over een jaartje of 
30 in ‘De Vlaegel’ een biertje gaan drinken, kunnen we nog steeds lachen om al die 
mooie anekdotes.    
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Lieve Sas, jij bent de afgelopen jaren veel belangrijker voor mij geweest dan ik heb 
laten blijken.  Ik ben blij met wat we samen hebben gehad en  ik wens je alle geluk 
en liefde toe die je verdient.  
Pap, mam, Jeroen: dat promoveren is voor jullie niet altijd even duidelijk 
geweest: heb je de scriptie al af, en wanneer ga je afstuderen? Maar jullie hebben 
altijd achter mij gestaan. Zelfs wanneer we als gezin moeilijke tijden doormaakten 
waren jullie vaak meer bezorgd over mij. Zonder jullie steun zou ik nooit zover zijn 
gekomen.  
Nu dit dankwoord bijna af is en ik hierna nog de laatste hand moet leggen 
aan de kaft, realiseer ik me dat deze olifant bijna op is, op een stukje slurf en staart 
na. Wat ik me als bioloog jammer genoeg ook direct realiseer is dat olifanten 
kuddedieren zijn, dus er zullen er nog wel een aantal volgen…maar ook daarvoor 
geldt hetzelfde: 
 
…one bite at a time! 
 
